Google 


This  is  a  digital  copy  of  a  book  that  was  preserved  for  generations  on  library  shelves  before  it  was  carefully  scanned  by  Google  as  part  of  a  project 

to  make  the  world's  books  discoverable  online. 

It  has  survived  long  enough  for  the  copyright  to  expire  and  the  book  to  enter  the  public  domain.  A  public  domain  book  is  one  that  was  never  subject 

to  copyright  or  whose  legal  copyright  term  has  expired.  Whether  a  book  is  in  the  public  domain  may  vary  country  to  country.  Public  domain  books 

are  our  gateways  to  the  past,  representing  a  wealth  of  history,  culture  and  knowledge  that's  often  difficult  to  discover. 

Marks,  notations  and  other  maiginalia  present  in  the  original  volume  will  appear  in  this  file  -  a  reminder  of  this  book's  long  journey  from  the 

publisher  to  a  library  and  finally  to  you. 

Usage  guidelines 

Google  is  proud  to  partner  with  libraries  to  digitize  public  domain  materials  and  make  them  widely  accessible.  Public  domain  books  belong  to  the 
public  and  we  are  merely  their  custodians.  Nevertheless,  this  work  is  expensive,  so  in  order  to  keep  providing  tliis  resource,  we  liave  taken  steps  to 
prevent  abuse  by  commercial  parties,  including  placing  technical  restrictions  on  automated  querying. 
We  also  ask  that  you: 

+  Make  non-commercial  use  of  the  files  We  designed  Google  Book  Search  for  use  by  individuals,  and  we  request  that  you  use  these  files  for 
personal,  non-commercial  purposes. 

+  Refrain  fivm  automated  querying  Do  not  send  automated  queries  of  any  sort  to  Google's  system:  If  you  are  conducting  research  on  machine 
translation,  optical  character  recognition  or  other  areas  where  access  to  a  large  amount  of  text  is  helpful,  please  contact  us.  We  encourage  the 
use  of  public  domain  materials  for  these  purposes  and  may  be  able  to  help. 

+  Maintain  attributionTht  GoogXt  "watermark"  you  see  on  each  file  is  essential  for  in  forming  people  about  this  project  and  helping  them  find 
additional  materials  through  Google  Book  Search.  Please  do  not  remove  it. 

+  Keep  it  legal  Whatever  your  use,  remember  that  you  are  responsible  for  ensuring  that  what  you  are  doing  is  legal.  Do  not  assume  that  just 
because  we  believe  a  book  is  in  the  public  domain  for  users  in  the  United  States,  that  the  work  is  also  in  the  public  domain  for  users  in  other 
countries.  Whether  a  book  is  still  in  copyright  varies  from  country  to  country,  and  we  can't  offer  guidance  on  whether  any  specific  use  of 
any  specific  book  is  allowed.  Please  do  not  assume  that  a  book's  appearance  in  Google  Book  Search  means  it  can  be  used  in  any  manner 
anywhere  in  the  world.  Copyright  infringement  liabili^  can  be  quite  severe. 

About  Google  Book  Search 

Google's  mission  is  to  organize  the  world's  information  and  to  make  it  universally  accessible  and  useful.   Google  Book  Search  helps  readers 
discover  the  world's  books  while  helping  authors  and  publishers  reach  new  audiences.  You  can  search  through  the  full  text  of  this  book  on  the  web 

at|http: //books  .google  .com/I 


DYNAMO-ELECTRIC 
MACHINERY: 


A  MANUAL 
FOR  STUDENTS  OF  ELECTROTECHNICS. 


BY 

SILVANUS  P.THOMPSON,  D.Sc.,  B.A.,F.R.S.; 

%  I 

ntlHCIFAI.  or,    AMD  ntOPBSaOS  op  physics  in,  THB  city  and  guilds  op  LONDON  TBCHNICAL 

COLLBCK,  pinsbuky; 

LATS   PIKOFBSSOR  OP  XXPSBIMSNTAL  PHYSICS  IN  VNIVBSSITY  COLLBGB,    BRISTOL; 
MSMBBX  OP  THK  VnTOVTUm  ^UU^KTMSCAL  BNGINKBRS  ; 

vzfi^lHHBMlQnriMlPi  niysiwUtocisTY  of  London  ; 

B  DE  PARIS  ; 

*ANKFOItT-ON«THE.MAIN  ; 
.  SOCIBTT* 


D  REVISED. 


E.  &  R  N.   SPON,   125,   STRAND,   LONDON. 
NEW  YORK:    12,  CORTLANDT  STREET. 

1892. 


f4r 


I 


\' 


Z/.Qy*t3 


t>'-' 


PREFACE 


TO   THE   FOURTH    EDITION, 


In  this  fourth  edition,  which  has  been  very  largely  re- 
written, there  are  several  features  whic^^listinguish  it  from 
its  predecessors. 

The  great  development  of  public  electric  lighting  during 
the  past  five  years  has  necessitated  the  construction  of  very 
large  dynamos  suitable  for  central  stations.  Of  the  estab- 
lished types  of  these  machines  detailed  descriptions  are 
given. 

A  number  of  Plates  have  been  added,  some  of  them  being 
scale-drawings  of  recent  forms  of  machines. 

The  invention  of  alternate-current  motors  of  many  novel 
types,  depending  on  the  production  of  multiphase  alternate 
currents,  has  claimed  a  special  chapter. 

A  chapter  has  been  added  on  the  theory  of  armature 
winding. 

No  pains  have  been  spared  to  ascertain  the  most  approved 
practice  in  the  construction  of  armatures,  commutators,  and 
other  details  requiring  combined  mechanical  and  electrical 
knowledge  and  experience.  A  chapter  has  been  added  on 
dynamo  design. 

Transmission  of  power  by  electrical  means  also  claims  a 
short  special  chapter. 

Some  remarks  on  the  management  of  dynamos  have  been 
embodied  at  the  end  of  the  work. 

It  would  have  been  impossible  to  do  justice  to  the  present 
development  of  the  subject  but  for  the  co-operation  of  the 
electrical  engineers  and  engineering  firms  who  are  leading  the 
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advance.  For  such  co-operation  the  author's  thanks  are 
gratefully  given.  And  in  particular  he  tenders  his  acknow- 
ledgment to  the  following,  who  have  specially  aided  him  by 
furnishing  him  with  drawings  and  statistical  data :  Mr.  C.  £• 
L.  Brown  (late  of  the  Oerlikon  Works,  Zurich) ;  Mr.  Gisbert 
Kapp ;  Mr.  W.  B.  Esson  (of  Messrs.  Paterson  and  Cooper) ; 
Mr.  Mordey  (Brush  Electric  Engineering  Co.) ;  Mr.  T.  Parker 
(Electric  Construction  Corporation)  ;  Mr.  Albion  T.  Snell 
(General  Electric  Traction  Co.) ;  Messrs.  W.  T.  Goolden  and 
Co. ;  Mr.  S.  Z.  de  Ferranti ;  Messrs.  Blakey,  Emmott  and  Co. 
The  Gvilcher  Electric  Co, ;  Messrs.  Ernest  Scott  and  Co. 
Messrs.  J.  H.  Holmes  and  Co. ;  Messrs.  Siemens  Bros. 
Messrs.  Mather  and  Piatt ;  Messrs.  R.  E.  Crompton  and  Co. 
Messrs.  S.  Schuckert  and  Co. ;  Messrs.  J.  G.  Statter  and  Co. 

For  the  use  of  cuts  the  author  is  indebted  to  various  of  the 
above-named  firms,  and  also  to  the  publishers  of  the  following 
journals :  The  Electrictatty  Electrical  Review^  Industries,  and 
La  LumOre  Electrique.  To  the  publishers  of  the  Electrical 
Engineer  (N.Y.)  for  Plate  XIIL 

The  author  is  indebted  to  his  colleague.  Professor  Perry, 
F.R.S.,  for  the  use  of  some  of  his  notes  in  the  preparation  of 
Chapter  XV. 

His  former  chief  assistant,  Professor  R.  MuUineux 
Walmsley,  has  again  kindly  rendered  help  in  reading  proofs 
of  several  of  the  new  chapters. 

To  his  late  pupil,  Mr.  Walter  Hawkings,  the  author  is 
indebted  for  valuable  help  in  preparing  drawings,  particularly 
those  dealing  with  armature  winding. 

Heavy  as  the  task  is  of  adequately  presenting  the  prin- 
ciples and  practice  of  a  department  of  science  which  has 
undergone  such  an  enormously  rapid  development,  that  task 
has  been  lightened  in  three  directions  by  the  circumstance 
that  three  fellow-workers  in  science  have  lately  devoted  them- 
selves to  expounding  special  branches  of  it  Professor  Ewing, 
of  whose  researches  in  magnetism  an  all  too  brief  account  has 
been  given  in  this  book,  has  prepared  a  treatise  on  magnetism 
which  is  on  the  very  eve  of  publication.  Professor  Fleming 
has  already   published  the   first  half  of  a  treatise   on   the 
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Alternate  Current  Transformer,  and  the  second  half  will 
soon  appear.  Mr.  Gisbert  Kapp's  work  on  Electric  Trans- 
mission of  Power  has  already  commanded  a  wide  accept-- 
ance.  There  has  been,  therefore,  the  less  necessity  to  ex- 
tend those  chapters  in  the  author's  book  which  deal  with 
these  topics,  though  they  have  been  careftiUy  brought  up  to 
date. 

Want  of  space  has  precluded  the  author  from  treating  as 
fully  as  he  would  have  desired  the  topic  of  central  station 
machinery.  This  has  assumed  three  different  types  in 
England,  Germany,  and  America.  In  England,  engineers 
have  developed  special  forms  of  high-speed  engine  to  be 
coupled  direct  to  the  dynamo.  In  Germany  practice  has 
taken  the  inverse  course  of  designing  huge  slow-speed 
dynamos  for  attachment  direct  to  engines  of  older  type. 
Either  of  these  methods  is,  in  the  author's  opinion,  preferable 
to  the  American  practice  of  building  high-speed  dynamos 
and  low-speed  engines,  and  then  connecting  them  by  belts 
running  over  pulleys. 

It  would  be  difficult  to  discover  any  scientific  subject 
which  more  thoroughly  illustrates  the  principle  of  action  and 
reaction  than  does  this  of  dynamo-electric  machinery.  In 
every  department  of  the  subject  the  essential  thing  to  be 
understood  is  a  reaction  of  some  sort.  In  the  rotating  arma- 
ture of  the  dynamo  the  very  production  of  the  current  sets  up 
an  opposing  drag,  and  the  work  of  generating  the  current  is 
done  by  driving  the  machine  against  this  mechanical  reaction. 
In  the  motor  the  very  production  of  motion  sets  up  an 
opposing  electromotive-force  which  tends  to  stop  the  supply 
of  current.  In  the  transformer,  the  current  which  is  set  up 
by  the  magnetic  changes  in  the  core,  tends  to  oppose  those 
changes.  In  the  self-induction  coil  the  changes  of  magnetism 
which  result  from  the  impressed  waves  of  current  tend  to 
destroy  those  waves.  In  the  alternate-current  motor  the 
moving  part  tends  so  to  move  as  to  annul  the  changes  of 
magnetic  polarity  which  urge  it  round.  In  the  classical  law 
of  magneto-electric  action,  formulated  by  Lenz,  it  is  declared 
that  an  induced  current  is  always  such  that  by  virtue  of  its 
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electromagnetic  effect  it  tends  to  stop  the  motion  which 
generated  it.  To  this  we  have  added  (p.  589)  a  converse  and 
equally  general  law  for  electric  motor  action,  namely,  that  the 
motion  produced  is  always  such  that  by  virtue  of  the  magneto- 
electric  inductions  which  it  sets  up  it  tends  to  stop  the  current. 
Both  are  but  forms  of  a  still  more  general  law  applicable  to 
every  electromagnetic  system,  namely,  that  every  action  on 
such  a  system  which,  in  producing  a  change  in  its  configura- 
tion or  state  involves  a  transfer  of  energy,  is  resisted  by 
reactions  tending  to  preserve  unchanged  the  configuration  or 
state  of  that  system. 

The  subject  of  dynamo-electric  machinery  is,  however, 
something  more  than  a  mere  branch  of  universal  dypamics ; 
it  constitutes  to  day  a  very  active  department  of  constructive 
engineering.  To  set  forth  this  practical  side  of  the  subject  in 
a  manner  useful  to  engineers  has  been  the  author's  continual 
aim.  Being  intended  for  the  instruction  of  electrical  engineers 
in  the  technicalities  of  their  craft  the  book  will  now  take  its 
place  in  the  series  of  Finsbury  Technical  Manuals. 


S.  P.  T. 


New  Year's  Eve,  1891. 
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DYNAMO-ELECTRIC 
MACHINERY. 


CHAPTER  I. 

* 

INTRODUCTORY. 

A  dynanto^lectric  machine  is  a  machine  for  converting  energy 
in  the  form  of  mechanical  power  into  energy  in  the  form  of 
electric  curretitSj  or  vice  versdy  by  the  operation  of  setting  con- 
ductors (usually  in  the  form  of  coils  of  copper  wire)  to  rotate 
in  a  magnetic  field.  This  definition  is  framed  to  include  all 
machines,  the  action  of  which  is  dependent  on  the  principle  of 
magneto-electric  induction,  discovered  by  Faraday  in  1831. 

^very  dynamo-electric  machine  is,  however,  capable  of 
serving  two  distinct  functions,  the  converse  of  one  another. 
When  supplied  with  mechanical  power  from  some  external 
source  of  power,  such  as  a  steam-engine,  it  furnishes  electric 
currents.  When  supplied  with  electric  currents  from  some 
external  source  such  as  a  voltaic  battery,  it  furnishes  me- 
chanical power.  On  the  one  hand  the  dynamo  serves  as  a 
generator^  on  the  other  hand  as  a  motor.  All  dynamos,  how- 
ever, belong  to  one  of  two  great  sub-divisions,  being  distin- 
guished, according  to  the  nature  of  the  current  which  they  are 
to  supply,  whether  direct  {i.e.  uni-directional  in  flow)  or 
alternating  (i.  e.  rapidly  reversing  the  direction  of  the  flow). 
We  shall  therefore  have  to  consider  four  classes  of  machines — 
(tf)  direct-current  dynamos ;  ifi)  alternate-current  dynamos, 
or,  briefly,  alternators ;  {c)  direct-current  motors ;  {d)  alter- 
nate-current motors.      In  general    every  dynamo,  whether 
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2  Dynamo-Electric  Machinery. 

intended  for  use  as  a  generator  or  as  motor,  consists  of  two 
essential  parts,  ^  field-magnet ^  usually  a  massive,  stationary 
structure  of  iron  surrounded  by  coils  of  insulated  copper 
wire,  and  an  armature^  a  peculiarly  arranged  system  of 
copper  conductors,  usually  wound  upon  the  periphery  of  a 
ring,  drum,  or  disk,  fixed  upon  a  shaft  whereby  rotation  can 
be  imparted  mechanically.  There  are  also  special  devices 
for  receiving  the  electric  currents  from  the  armature  and 
imparting  them  to  the  electric  circuit,  or  vice  versd^  known  as 
collectors  or  commutators^  attached  to  the  armature  and  rotat- 
ing with  it,  and  collecting  brusJies,  constituting  sliding  circuit- 
connexions,  which  press  upon  the  moving  surface  of  the 
collector  or  commutator. 

The  function  of  the  field-magnet  is  to  provide  a  magnetic 
field  of  great  extent  and  intensity ;  that  is  to  say,  to  provide 
an  enormous  number  of  lines  of  magnetic  force  in  the  space 
wherein  the  armature  conductors  are  to  revolve.  It  must 
consequently  consist  of  a  large  and  well-designed,  and  there- 
fore powerful,  magnet  or  electromagnet,  having  its  poles  so 
shaped  that  the  magnetic  lines  that  issue  from  them  shall  be 
utilised  in  the  armature  space.  The  magnetic  field  and  the 
magnetic  properties  of  iron  are  dealt  with  in  Chapter  VI. ;  the 
fundamental  principles  of  the  magnetic  circuit,  including  the 
designing  of  field-magnets,  are  dealt  with  in  Chapters  VII., 
VIIL,  and  XVI. 

The  function  of  the  armature  is  to  rotate  in  the  magnetic 
field,  whilst  carrying  electric  currents  in  its  copper  coils  or 
conductors. 

It  must  be  remembered  that  there  is  a  two-fold  action 
between  a  conducting  wire  (forming  part  of  a  circuit) 
and  a  magnetic  field  Firstly^  if  the  conducting  wire  is 
forcibly  moved  across  the  magnetic  field  (so  as  to  cut  across 
the  magnetic  lines),  electric  currents  are  generated  in  the 
conductor,  and  a  mechanical  effort  is  required  to  move  the 
conductor.  This  action,  discovered  by  Faraday,  is  termed 
"  magneto-electric  induction."  In  every  case  the  induction  or 
generation  of  currents  necessitates  the  application  of  me- 
chanical power  and  the  expenditure  of  energy.     This  is  the 
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principle  of  the  dynamo  used  as  a  generator.     Secondly y  if  the 

conducting  wire,   while  situated   in    the   magnetic   field,   is 

actually  conveying  an  electric  current  (from  whatever  source) 

it  experiences  a  lateral  thrust,  tending  to  move  it  forcibly, 

parallel  to  itself,  across  the  magnetic  lines,  and  so  enables  it 

to  exert  power  and  to  do  work.     This  action,  which  is  the 

converse  of  the  former,  is  the  principle  of  the  dynamo  used  as 

a  motor.      In  the  first  case  power  is  required  to  drive  the 

armature ;  in  the  second,  the  armature  rotating  becomes  a 

source  of  power.     If  we  have  the  magnetic  field,  and  supply 

power  to  drive  the  rotating  conductor,  we  get  the  electric 

currents ;    if  we   have  the  magnetic  field   and  supply  the 

electric  currents  to  the  conductor,  it  rotates  and  furnishes 

power.     Whether  the  machine  be  used  as  generator  or  as 

motor,  the  magnetic  field  must  be  present :  hence  the  most 

important  point  in  theory  is  the  theory  of  the  magnetic  field. 

As  every  dynamo  will  work  (at  least  theoretically)  either  as 

generator  or  as  motor,   it  should   be  possible  to  frame  a 

general  theory  for  any  machine  serving  either  of  these  two 

converse  functions.      For  the  sake  of  simplicity,  however, 

these  two  fuctions  will  be  separately  considered  in  the  present 

work. 

The  mathematical  theory  of  the  dynamo  is,  indeed, 
complex,  and  takes  different  forms  for  its  expression  in  the 
various  classes  of  machine  now  included  under  the  one  name 
of  "  dynamo."  The  progress  recently  made  in  the  theoretical 
treatment  of  magnetic  problems  has  simplified  matters  so 
much  that  it  is  now  possible  to  predict  from  the  construction 
and  dimensions  of  a  dynamo  its  electrical  output  under  given 
conditions  of  speed  and  load.  The  theory  of  alternate- 
current  machines  is  different  in  many  points  from  that  of 
machines  which  are  to  furnish  continuous  currents.  The 
theory  of  the  d)mamo,  then,  which  will  be  developed  in  the 
present  work,  will  not  be  a.  general  mathematical  theory. 
The  aim  will  be  to  deal  with  physical  and  experimental 
rather  than  mathematical  ideas,  though  of  necessity  mathe- 
matical symbols  must  be  used  here  as  in  every  kind  of 
engineering  work.     A  physical  theory  of  the  dynamo  is  not 

B  2 
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new,  though  none  of  any  great  completeness  had  be6n  given* 
prior  to  the  appearance  of  the  author's  lectures  at  the  Society 
of  Arts  in  1882. 

There  are,  in  fact,  three  distinct  methods  of  dealing  with 
the  principles  of  the  dynamo:  (i)  a  physical  method,  dealing 
with  the  lines  of  magnetic  force  and  with  currents,  in  which 
these  quantities  are  made,  without  further  inquiry  into  their 
why  or  how,  the  subjects  of  the  arguments  ;  (2)  an  algebraical 
method,  founded  upon  the  mathematical  laws  of  electric  in- 
duction and  of  theoretical  mechanics ;  and  (3)  a  graphical 
method,  based  upon  the  possibility  of  representing  the  action 
of  a  dynamo  by  a  so-called  "characteristic"  curve,  in  the 
manner  originally  devised  by  Dr.  Hopkinson,  and  subse- 
quently used  by  Frolich,  Deprez,  and  others. 

These  three  methods  present  three  aspects  of  the  same 
thing.  The  number  of  lines  of  magnetic  force,  with  which  we 
deal  in  Chapters  VI.  and  VII.,  may  be  expressed  by  a  certain 
length  of  line  geometrically,  or  by  the  symbol  N  algebraically, 
or  they  may  be  represented  pictorially  by  a  mere  illustration. 
What  some  people  write  N  for,  other  people  indicate  by 
drawing  a  line  of  a  certain  length  in  a  certain  direction.  We 
approximate,  in  fact,  toward  understanding  the  whole  truth 
by  various  processes :  sometimes  by  algebra ;  sometimes  by 
geometry;  sometimes  by  magnetic  diagrams;  and  each  of 
these  processes  is  of  value  in  its  turn. 

It  will  be  our  aim  first  briefly  to  develop  a  general  physical 
theory,  applicable  to  all  the  varied  types  of  dynamo-electric 
machines.  Then  we  shall  at  once  plunge  into  the  most 
fundamentally  important  matters ;  the  principle  of  the  mag- 
netic circuit ;  the  magnetic  properties  of  iron ;  the  design  of 
the  magnetic  parts  of  dynamos,  and  the  like.  After  this  will 
come  the  theory  of  armature  winding,  and  practical  modes  of 
construction.     This  will  be  followed  by  a  general  descriptive 

'  See  J.  M.  Gaugain,  Annaks  de  Chitnie  et  dt  Physique,  1873  5  Antoine  Breguet, 
Annales  de  ChimU  et  de  Physique,  1S79;  Du  Moncel,  Exposi  des  Applications 
de  PEUctrieiti,  vol.  ii. ;  Niaudel,  Machitus  Electriques ;  Dredge's  Electric 
Illumination  \  Schellen,  Die  Mapieto-  und  Dynamo  -  elektrischen  Maschinen 
(3rd  edition,  1883). 
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account  of  the  various  types  of  machines,  and  by  various 
matters  of  theoretical  interest  The  direct-current  motor  will 
be  considered  after  the  direct-current  generator.  The  special 
topics  of  the  alternate-current  dynamo,  the  alternate-current 
transformer,  and  the  alternate-current  motor,  are  treated  in 
fuller  detail  than  in  any  of  the  previous  editions  of  this  work. 
Before,  however,  proceeding  to  the  general  theory  of  the 
d3mamo,  it  will  be  expedient  to  introduce  a  few  historical 
notes. 
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CHAPTER  11. 

HISTORICAL  NOTES.  . 

Faraday's  discovery  of  the  magneto-electric  induction  of  currents 
was  made  in  the  autumn  of  1831,  and  communicated,  on  Nov.  24th, 
to  the  Royal  Society  in  a  paper  printed  in  the  PMlosophical  Trans- 
«/jV?«j,  and  reprinted  in  the  beginning  of  the  first  volume  of  Faraday's 
Experimental  Researches  in  Electricity,  His  first  experiments  related 
to  the  production  of  induced  currents  in  a  coil  by  means  of  currents 
started  or  stopped  in  a  neighbouring  coil ;  from  these  he  went  on  to 
currents  generated  in  a  coil  moved  in  front  of  the  poles  of  a  powerful 
steel  magnet.  Upon  thus  obtaining  electricity  from  magnets  he 
attempted  to  construct  "  a  new  electrical  machine."    A  disk  of 

copper,  12  inches  in  diameter  (Fig.  i). 

Fig.  I.  and  about  one-fifth  of  an  inch  in  thick- 

00015" — ~;^^^j^^^  ness,   fixed    upon  a  brass  axle,   was 

/»^v.*^ 7  mounted  in  frames,  so  as  to  allow  of 

^>^,^^^^/        ""••      T  revolution,  its  edge  being  at  the  same 

\^         ^        I  time  introduced  between  the  magnetic 

\  J  poles  of  a  large  compound  permanent 

^^«..*._i^^  magnet,  the  poles  being  about  half  an 

Faraday's  Disk  Dynamo.       inch  apart.  ^     The  edge  of  the  plate 

was  well  amalgamated,  for  the  purpose 
of  obtaining  a  good  but  movable  contact,  and  a  part  round  the 
axle  was  also  prepared  in  a  similar  manner.  Conducting  strips  of 
copper  and  lead  to  serve  as  electric  collectors,  were  prepared,  so 
as  to  be  placed  in  contact  with  the  edge  of  the  copper  disk ;  one  of 
these  was  held  by  hand  to  touch  the  edge  of  the  disk  between  the 
magnet  poles.  The  wires  from  a  galvanometer  were  connected,  the 
one  to  the  collecting-strip,  the  other  to  the  brass  axle;  then  on 
revolviig  the  disk  a  deflexion  of  the  galvanometer  was  obtained, 
which  was  reversed  in  direction  when  the  direction  of  the  rotation 
was  reversed.     "  Here,  therefore,  was  demonstrated  the  production 

*  Experimental  Researches^  i.  25,  art.  85.  This  piece  of  apparatus  is  still 
preserred  at  the  Royal  Institution,  It  was  shown  in  action  by  the  author  of  this 
work  at  a  lecture  at  the  Royal  Institution  delivered  April  nth,  189 1. 
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of  a  pennanent  current  of  electricity  by  ordinary  magnets."  These 
effects  were  also  obtained  from  the  poles  of  electromagnets,  and  from 
copper  helices  without  iron  cores.  Several  other  forms  of  magneto- 
electric  machines  were  tried  by  Faraday. 

In  one,^  a  flat  ring  of  twelve  inches  external  diameter,  and  one 
inch  broad,  was  cut  from  a  thick  copperplate,  and  mounted  to  revolve 
between  the  poles  of  the  magnet,  two  conductors  bemg  applied  to 
make  rubbing  contact  at  the  inner  and  outer  edge  at  the  part  which 
passed  between  the  magnetic  poles.  In  another,^  a  disk  of  copper, 
one-fifth  of  an  inch  thick,  and  only  \\  inch  in  diameter  (Fig.  2),  was 
amalgamated  at  the  edge,  and  mounted  on  a  copper  axle.  A  square 
piece  of  sheet  metal  had  a  circular  hole  cut  in  it,  into  which  the  disk 
fitted  loosely,  a  little  mercuiy  completed  communication  between  the 
disk  and  its  surrounding  ring.    The  latter  was  connected  by  wire  to 


Fig.  2. 


Fig.  5. 


Faraday's  Tbetotum 
Apparatus. 


Faraday's  Rotating  Copper 
Cylinder. 


a  galvanometer ;  the  other  wire  being  connected  from  the  instrument 
to  the  end  of  the  axle.  Upon  rotating  the  disk  in  a  horizontal  plane, 
currents  were  obtained  though  the  earth  was  the  only  magnet 
employed.  • 

Faraday  also  proposed  a  multiple  machine'  having  several  disks, 
metallically  connected  alternately  at  the  edges  and  centres  by  means 
of  mercury,  which  were  then  to  be  revolved  alternately  in  opposite 
directions.  In  another  apparatus*  a  copper  cylinder  (Fig.  3),  closed 
at  one  extremity,  was  put  over  a  magnet,  one  half  of  which  it  enclosed 
like  a  cap,  and  to  which  it  was  attached  without  making  metallic 

»  Experimental  Researches,  i.  art  135.  *  ^-^  art.  155. 

»  Jb.,  art.  158.  •  ^^-y  art.  219. 
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contact  The  arrangement  was  then  floated  upright  in  a  narrow  jar 
of  mercury,  so  that  the  lower  edge  of  the  copper  cap  touched  the 
fluid.  On  rotating  the  magnet  and  its  attached  cap,  a  current  was 
sent  through  wires  from  the  mercury  to  the  top  of  the  copper  cap. 
In  another  apparatus,^  still  preserved  at  the  Royal  Institution,  a 
cylindrical  bar  magnet,  half  immersed  in  mercury,  was  made  to  rotate, 
and  generated  a  current,  its  own  metal  serving  as  a  conductor.  In 
another  form,*  the  cylindrical  magnet  was  rotated  horizontally 
about  its  own  axis,  and  was  found  to  generate  currents  which  flowed 


Fig.  4. 


Faraday's  Rotating  Rectangle. 


from  the  middle  to  the  ends,  or  vice  versdy  according  to  the  rotation. 
In  yet  another  machine  (Fig.  4)  constructed  by  Faraday  some  time 
later,'  a  simple  rectangle  of  copper  wire,  attached  to  a  frame,  was 
rotated  about  a  horizontal  axis  placed  east  and  west,  and  generated 
alternate  currents,  which  could  be  collected  by  a  simple  commutator. 
Within  a  few  months  machines  on  the  principle  of  magneto- 
induction  had  been  devised  by  Dal  Negro,*  and  by  Pixii.*  In  the 
latter's  apparatus  a  steel  horseshoe  magnet,  with  its  poles  upwards, 
was  caused  to  rotate  about  a  vertical  shaft,  inducing  alternate 
currents  in  a  pair  of  bobbins  fixed  above  it,  and  provided  with  a 
horseshoe  core  of  soft  iron.  Later,  in  1832,  Pixii  produced,  at  the 
suggestion  of  Ampere,*  a  second  machine,  provided  with  commutators 
to  rectify  the  alternating  currents.  Further  improvements  were  made 
by  Ritchie'   and  Watkins.*      In    1833    appeared   the    machine    of 

'  Experimental  Researchfs^  i.  art  220.        '  /^.,  art.  222.        *  Ib,^  art  3192. 

*  PhiL  Mag*  [3]  i.  45,  July  1832  (an  oscillatory  apparatus), 

*  Ann,  Chim.  Phys,  1.  322,  1832.  •  Ann.  CAim,  Phys,^  li.  76,  1832. 

^  PhiL  Mag,  [3]  viii.  455  ;  [3]  x.  280,  1837  ;  and  PhiL  Trans,,  ii.  318,  1833. 
9  PhU  Mag,  [3]  vii.  107,  1835. 
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Saxton,^  and  two  years  later  that  of  Clarke;*  both  having  the  steel 
hoiseshoe  magnet  a  fixture,  and  having  as  a  revolving  armature  an 
electromagnet  consisting  of  a  pair  of  bobbins  wound  upon  a  simple 
horseshoe  of  iron.  Clarke's  machine  possessed  many  original 
details,  inciudiug  a  special  form  of  commutator  for  giving  short, 
sharp  currents  for  physiological  purposes.  In  it  the  armature 
rotated,  not  opposite  the  ends,  but  in  close  proximity  to  the  fiat  faces 
of  the  magnet.  In  Saxton's  machine,  which  was  shown  to  the 
British  Association  at  Cambridge  in  1833,  the  armature  was  rotated 
opposite  the  polar  ends,  and  consisted  of  four  coils.  Von  Ettings- 
hausen,^  in  1837,  brought  out  a  very  similar  alternate-current 
machine,  with  a  special  device  by  which  the  alternate  currents 
could  be  cut  out  Poggendorff,*  in  1838,  devised  a  special  mercury- 
cup  commutator  for  Saxton's  machine,  to  make  the  currents  less 
discontinuous. 

Other  improvements  in  detail  were  made  by  Petrina,*  who 
improved  the  commutator  3  Jacobi,*  who  pointed  out  the  importance 
of  using  short  cores  for  the  armatures ;  Sturgeon,'  who  placed  a 
shutde-wound  coil  longitudinally  between  the  limbs  of  a  horseshoe 
magnet,  and  who  also  invented  the  simple  two-part  commutator  or 
"  unio-directive  discharger,"  as  he  termed  it ;  Stdhrer,'  who  showed 
how  to  construct  a  six-pole  machine  with  six  bobbins  in  the  armature ; 
Ritchie,*  who, employed  tubular  cores  and  a  double  winding;  and 
Pulvermacher,^^  who  in  1849  proposed  the  use  of  thin  laminae  of  iron 
as  core-plates.  Woolrich,^^  in  1841,  devised  a  multipolar  machine 
for  electroplating,  having  twice  as  many  rotating  coils  as  magnet- 
poles..  Wheatstone^*  began  his  improvements  in  1841,.  with  a 
machine  in  which  for  the  first  time  the  armature  coils  were  so 
grouped  as  to  give  a  really  continuous  current  (Fig.  5).  For  this 
purpose  five  armatures,  each  consisting  of  a  pair  of  short  parallel 
cylindrical  coils  with  iron  cores,   and  each  having  a  simple  split- 

>  Pkil,  Mag,  [3]  ix.  360,  1836. 

*  FJul.  Mag.  [3]  ix.  262,  1836 ;  x.  365,  455,   1837  ;  and  Sturgeon's  Annals 
of  Ekctricity^  i.  145. 

'  Gehler's  Physikaiisches  Wdrterbueh^  ix.  122,  1838. 

*  Pogg,  Ann,,  xlv.  385,  1838.  *  P^fgg*  Ann,,  Ixiv.  58,  1845, 

*  Pogg.  Ann.,  Ixix.  194,  1846. 

^  Annais  0/ Electricity,  iL  I,  1838.     See  also  ^iVLtgeorCs  Scientific  Researches, 
p.  252;  also  PhiL  Mag,,  viL  231,  1835. 

*  Pogg*  Ann,^  Ixi.  417,  1884 ;  Ixxvii,  467,  1849. 

*  Specification  of  Patent,  14,899  of  1849.  *•  Loc,  cit, 
"  See  also  Specification  of  Patent,  9431  of  1842. 

**  Specification  of  Patent,'  9022  of  1841. 
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tube  commnUtor,  were  arranged  in  a  row  along  a  single  shaft, 
with  six  compound  steel  magnets  between  them,  the  five  annatures 
being  so  set  that  they  came  successively  into  the  position  of 
greatest  activity,  no  two  of  them  being  commuted  at  the  same 
instant  They  were  connected  in  series  with  one  another  by  wires, 
which  joined  the  positive  brush — a  brass  spring — of  one  to  the 

Fig,  s. 


Wheatstoke's  Contimuous-current  Machine. 

negative  brush  of  the  next  In  1845  Wheatstone*  and  Cooke 
patented  the  use  of  electromagnets  instead  of  steel  permanent 
magnets  in  such  machines.  In  1848  Jacob  Brett*  made  the  impor- 
tant suggestion  of  causing  the  current  developed  in  the  armature  by 
the  permanent  magnetism  of  the  iield-magnets  to  be  transmitted 
through  a  coil  of  wire  surrounding  the  magnet,  so  as  to  increase  its 

'  SpeciScalion  of  Patent,  10,655  of  1S45. 
'  Specitication  of  Patent,  12,054  of  1848. 
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action.  This  suggestion,  which  appears  to  be  the  first  suggestion  of 
the  principle  of  the  self-exciting  dynamo,  was  independently  made  in 
1851  by  Sinsteden,^  who  appears  to  have  had  full  knowledge  of  the 
feet,  investigated  by  Miiller,  that  steel  is  capable  of  receiving  a  tem- 
porary magnetization  not  greatly  inferior  to  that  of  wrought  iron,  and 
for  in  excess  of  that  which  it  can  permanently  retain.  Sinsteden's 
researches  were  numerous  and  important,  relating  to  the  best  width 
of  polar  surface  to  employ,  to  the  use  of  pole-pieces,  and  to  the 
lamination  of  armature  cores,  for  which  purpose  he  employed,  in 
1849,  iron  wire  bundles.  A  quite  different  type  of  machine  was 
suggested  independently  by  Ritchie,*  by  Page,^  and  by  Dujardin,*  in 
which  neither  field-magnet  nor  armature  rotated  ;  the  coils  in  which 
the  currents  were  to  be  induced  were  wound  upon  polar  exteiisions 
of  the  field-magnets,  and  the  induction  was  produced  by  rotating  in 
front  of  them  pieces  of  soft  iron,  which  set  up  rapid  periodic  varia- 
tions in  the  magnetic  field.  Machines  on  this  same  principle  were 
later  devised  by  Holmes,  Henley,  Wheatstone,  Wilde,  Sawyer,  by 
the  author  of  this  work,  and  by  Kingdon. 

Nollet,*  in  1849,  devised  an  alternate-current  machbe,  in  the 
construction  of  which  he  was  joined  by  Van  Malderen ;  and  after  the 
death  of  Nollet  this  was  developed,  with  the  aid,  first  of  Holmes, 
then  of  Masson  and  Du  Moncel,  into  the  "  Alliance "  ®  machine, 
which,  firom  the  year  1863,  did  good  service  in  the  lighthouses  of 
France.  Holmes  continued  to  perfect  his  work,  and  produced  a  fine 
machine,''  which  in  1857  received  high  commendation  from  Fara- 
day. The  great  machine  of  Holmes  shown  in  the  International 
Exhibition  of  1862,  was  a  continuous-current  machine,  with  a  large 
commutator  and  rotating  rollers  for  brushes;  the  bobbins,  160  in 
number,  were  arranged  on  the  peripheries  of  two  wheels,  each  about 
9  ft.  in  diameter.  There  were  sixty  horseshoe  magnets  arranged  in 
three  circles,  each  presenting  radially  forty  poles.  In  1867  Holmes 
remodelled  his  machine,  making  the  field-magnets  more  powerful  in 

'  ^^SS-  Ann.^  Ixxxiv.  186,  185 1.  For  Sinsteden's  other  researches  see  Pogg. 
Antu^  lx3cvi.  29,  195  and  524,  1849  '>  hcxxiv.  181,  1852 ;  xcii.  i  and  220,  1854 ; 
xcvi,  353,  1855  ;  cxxxvii.  290  and  483,  1869. 

'  FkU.  Mag,  [3]  X.  280,  1837.  »  Annals  0/ Eiectrkify,  489,  1839. 

^  Comptes  Rendusy  xviii.  837,  1844  ;  xxi.  528,  892,  1881. 

*  See  Specification  of  Patent,  13,302  of  1850.  See  also  Douglass  in  Proc, 
Inst.  Civil  Engin,y  Ivii.  1878-9. 

*  See  Da  Moncel's  Exposides  Applications  de  P Electricity,  i.  361.  Also  see 
Le  RoQx,  Bulletin  de  la  S&ciett  d* Encouragement,  1868. 

7  See  Douglass,  he,  eit.  Also  Specifications  of  Patents,  573  of  1856,  2060  of 
i868»and  1774  of  1869. 
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proportion,  and  leaving  the  induced  currents  uncommuted ;  and  in 
1869  he  introduced  the  principle  of  diverting  the  current  from  a  few 
of  the  armature  coils,  through  a  commutator,  to  excite  the  field- 
magnets.  This  period  was  one  of  great  activity.  In  1855  Hjorth^ 
patented  a  remarkable  machine,  having  for  its  field-magnets  a  com- 
pound arrangement  of  a  permanent  magnet  to  provide  initial  currents, 
and  powerful  electromagnets  to  be  excited  up  by  the  currents  gene- 
rated by  the  machine  itself. 

C.  W.  Siemens*  in  1856  provisionally  patented  the  famous 
shuttle-wound  longitudinal  armature,  invented  by  Werner  Siemens. 
In  1859,^  he  made  the  suggestion  that  the  core  only  need  rotate,  the 
coils  being  fixed  in  grooves  in  the  pole-pieces  of  the  field-magnets. 
Wilde,*  of  Manchester,  embarked  on  a  remarkable  series  of 
researches  from  1861  to  1867.  Beginning  with  small  apparatus  for 
telegraphic  purposes,  he  was  led  in  1863  to  devise  an  apparatus  having 
a  shuttle-wound  Siemens  armature  between  the  poles  of  a  powerful 
electromagnet,  the  coils  of  which  were  traversed  by  currents 
furnished  by  a  small  auxiliary  machine — ^with  shuttle-wound  armature 
and  permanent  magnets — ^mounted  upon  its  summit  In  1866  and 
1867  Wilde  devised  alternate-current  machines,  of  which  the  latest 
had  a  number  of  bobbins  mounted  on  the  periphery  of  a  disk 
\  rotating  between  two  opposite  crowns  of  alternately  polarized  field- 
magnets — ^a  type  which  survives  to  the  present  day.  These  machines, 
originally  separately  excited  by  currents  from  a  small  magneto 
machine,  were  made  self-exciting,  in  1873,  by  diverting  through  a 
commutator  the  currents  induced  in  one  or  more  of  the  armature 
bobbins.  The  principle  of  using  the  whole  or  part  of  the  machine's 
own  currents  to  excite  the  requisite  magnetism  of  its  field-magnets 
was  by  this  time  becoming  recognized.  As  mentioned  above,  Brett, 
Sinsteden,  and  Hjorth  had  all  made  use  of  this  principle.  In  1858, 
Johnson,*  patent-agent  for  a  foreign  inventor,  states ;  **  It  is  proposed 
to  employ  the  electromagnet  in  obtaining  induced  electricity,  which 
supplies  wholly  or  partially  the  electricity  necessary  for  polarizing  the 
electromagnets,  which  electricity  would  otherwise  be  required  to  be 
obtained  from  batteries  or  other  known  sources."     In  July,  1866, 

^  Specifications  of  Patents,  12,295  of  1848, 2199  of  1854,  2x98  of  1854,  806  of 
1855,  807  of  1855,  and  808  of  1855. 

'  Specification  of  Patent,  2017  of  1856.  See  W.  Siemens,  Pogg,  Ann,,  ci.  271, 
1857.  *  Specification  of  Patent,  512  of  1859. 

*  Specifications  of  Patents,  299,  858,  1994  and  2997  of  1861 ;  516  and 
30C6  of  1863,  X412  and  2753  of  1865,  3209  of  1866,  and  824  of  1867. 

*  Specification  of  Patent,  2670  of  1858. 
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Murray*  stated  that  he  had  connected  in  series  with  the  armature 
some  coils  wound   on   the  field-magnets  of  his  magneto  machine 
and  recommended  the  adoption  of  this  plan.      In  October  1866, 
Moses  G.  Farmer^  wrote  to  Wilde  of  Manchester,  describing  his 
success  in  winding  main  circuit  coils  upon  the  field-magnets  of  his 
machine,  so  as  to  cause  it  to  excite  its  own  magnets.     In  November 
1866,  Baker^  stated  that  the  secondary  currents  from  the  revolving 
magnets  might  be  applied   to   magnetize   the   fixed   magnets.     In 
December  of  the  same  year  C.  and  S.  A.  Varley*  filed  a  Provisional 
Specification  for  a  machine  having  electromagnets  only,  which  appa- 
laius,  however,  required  before  using  to  have  given  to  it  a  small  amount 
of  permanent  magnetism  since  the  inventors  state  that  '*  the  bobbins 
become  slightly  magnetized  in  their  passage  between  the  poles  of 
the  permanent  magnets."    This,  it  must  be  conjectured,  was  given 
to  it  by  passing  an  electric  current  through  the  coils  of  the  electro- 
magnets; a  device  which  reappears  in  another  machine  patented 
by  the  same  inventors  in  June,    1867,  and   again  in  another  by 
0.  and  F.  H.  Varley  in  1869.     The   electromagnets  of  the  1867 
machine   were  wound  with  two   separate  circuits,   supplied  alter- 
nately with  currents  from  two  commutators  which  received  the 
currents   from   two  separate  pairs    of   coils.      Mr.   S.   A.   Varley 
continued,  in  1868,  and  187 1,  to  patent  magneto-electric  generators. 
In   1876   he  returned   to  the  self-exciting    method,   employing  a 
multiple  armature  in  which  the  principle  was  applied  of  cutting  out 
each  coil  in  succession  during  the  rotation.     In  this  machine  also 
there   were  two  windings  on    the  field-magnets,    one    of  greater 
resistance  than  the  other,  both  of  which  were  led  to  the  lamp,  the 
circuit  of  greater  resistance  being    always  closed.      It  was  not, 
however,  clear  that  this  method  of  double  winding  was  what  is  now 
understood  as  "  compound  winding,"*  until  such  was  laid  down  with 
legal  authority  by  a  Scotch  judge  fifteen  years  later.     Returning  to 
the  self-exciting  principle,  we  find  that  on  January  17th,   1867, 
Dr.  Werner  Siemens*  described  to  the  Berlin  Academy  a  machine 
for  generating  electric  currents  by  the  application  of  mechanical 

'  See  Engineer ^  p.  42,  July  20,  1866. 

'  Proe,  IM.  and  Phil,  Soc.  of  Manchester^  vi.  107. 

»  Specification  of  Patent,  3039  of  1866. 

•  Specification  of  Patent,  3394  of  1866.  Other  Varley  Specifications  are  1755 
of  1867,  315  of  1868,  131  and  1150  of  1871,  4905  of  1876,  270  and  4435  of  1877, 
4100  of  1878. 

•  See  PhU,  Mag.  [4]  xlv.  439.  1873. 

•  Berliner  Beriehie,  Jan-  1867  ;  Proc.  Roy,  Soc,,  Feb.  14,  1867  ;  Specification 
of  Patent,  261  of  1867  ;  and  Pogg,  Ann,,  cxxx.  332,  1867. 
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power,  the  currents  being  induced  in  the  coils  of  a  rotating  armature 
by  the  action  of  electromagnets,  which  were  themselves  excited 
by  the  currents  so  generated.  In  this  machine  also  initial  permanent 
magnetism  was  to  be  given  by  sending  a  preliminary  current  through 
the  coils  irom  a  battery.  To  mark  the  importance  of  this  departure 
Siemens  coined  the  name  dynamo-eltctric  machine,  which  now,  in  the 
shortened  form  of  dynamo,  has  become  the  familiar  term  for  all  these 
electric  machines  driven  by  mechanical  power,  whether  self-excited  or 
not.  On  the  same  day  that  this  discovery  was  announced  to  the 
Royal  Society,  February  I4lh,  1867,  a  paper  was  read  by  Sir  C, 
Wheatstone,*  making  an  almost  identical  suggestion ;  but  with  this 
difference,  that  whilst  Siemens  proposed  that  tlie  exciting  coils 
should  be  in  the  main  circuit,  in  series  with  the  armature  coils, 
Wheatstone  proposed  that  they  should  be  connected  as  a  shunt.  A 
self-exciting  machine  without  permanent  magnets  had  indeed  been 
constructed  for  Wheatstone  by  Mr.  Stroh  in  the  summer  of  1866. 

Fig.  6. 


Pacinotti's  Machine,  with  Ring  Arhaturb. 

In  1867  Ladd'  exhibited  a  self-exciting  machine  having  two  shuttle- 
wound  armatures,  a  small  one  to  excite  the  common  field-magnet,  a 
large  one  to  supply  currents  for  electric  light 

'  Prtic.  Roy.  S<k.,  Feb.  14,  1867.  *  Phil.  Mag.  [4]  ixxiii.  544,  1867. 

*  Nticva  CiauntO,  lix.  378,  1865. 
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Meantime  the  question  of  procuring  continuous  currents,  with  less 
fluctuation  in  their  strength,  had  come  up,  and  had  received  from 
Pacinotti'  an  answer,  which,  though  it  fell  into  temporary  oblivion,  is 
now  recognized  as  of  great  merit.  He  devised  a  machine,  first  de< 
scribed  in  1864,  having  as  its  armature  an  electromagnet  in  the  form 
of  a  ring,  the  core  consisting  of  a  toothed  iron  wheel,  between  the 
teeth  of  which  the  coils  were  wound  in  sixteen  separate  sections.  He 
denominated  this  a  "transversal  electromagnet."  The  coils  being 
joined  up  in  a  closed  circuit,  if  at  any  point  a  current  was  introduced, 
it  flowed  both  ways  through  the  coils  to  some  other  point  where  it  was 
taken  off  by  a  return  wire.  By  the  device  of  leading  down  connections, 
at  sixteen  different  points  around  the  ring,  to  dxteen  insulated  pieces  of 

Fig.  7. 


Grauub  Machine,  Laboratory  Pattbrk. 

metal  arranged  as  a  commutator,  itwas  possible  to  cause  magnetic  poles 
to  appear  in  the  ring  at  any  desired  points.  The  principle  of  winding 
a  contmuous  coil  in  separate  symmetrical  sections  around  a  ring,  or 
other  figure  of  revolution,  was  independently.  jiweawU^  1870,  by 
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Gramme,'  whose  ring  had  no  teeth,  and  was  entirely  overwonnd  with 
wire.  By  winding  an  armature  with  a  number  of  such  symmetrically 
grouped  coils  which  pass  successively  through  the  magnetic  field, 
currents  can  be  obtained  that  are  practically  steady.  The  introduc- 
tion of  the  Gramme  armature  was  at  once  recognised  as  marking  aa 
important  step,  and  it  gave  a  fresh  impetus  to  invention.  In  1873 
voD  Hefner  Alteneck'  modified  the  longitudinal  armature  of  Siemens 
by  covering  it  with  windings  spaced  out  at  symmetrica]  angles  to 


secure  the  same  advantage  of  continuity,  and  Lontin'  in  1874  sought 
to  perform  a  like  transformation  upon  an  armature  with  radiating 
poles.  Gramme  and  Siemens  both  devised  many  special  forms  of 
machines,  some  furnishing  alternating  currents,^  others  continuous 
currents,  fiertin  in  1875,  Brush  in  1879,  and  Siemens,*  in  1880, 
revived  the  method  of  shunt-winding. 

In  1878  Facinotti*  devised  a  kind  of  armature  in  which  the 

■  CempUi  Rittdus,  Ixxiii.  175,  1871,  and  Ixxv.  1497,  1872  ;  and  Specification 
ofPitenl,  t66SofiS70. 

'  Specification  of  Patent,  aoo6  of  1873.  A  similar  suggestion  had  been 
thrown  ont  the  previous  year  b]r  Worms  de  Romilly. 

•  Specifications  of  Patents,  473  of  1875,  386  and  3264  of  1876. 

<  Specification  of  Patenli,  Gramme,  953  of  1878  ;  Siemens,  3134  of  1878. 

•  ^ul.  Tram.,  March  iSSol  •  A'liovo  Cimtrntf  [3]  L,  1881.    ■ 
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conductors  took  the  form  of  a  flat  disk  or  fly-wheel.  Brush^  also 
introduced  his  famous  djrnamo  embodying  the  principle  of  open-coil 
working.  He  also  introduced  the  simultaneous  use  of  a  shunt  and 
a  series  winding  for  the  purpose  of  enabling  the  machine  to  do 
dther  a  large  or  a  small  amount  of  work.  Another  open-coil  machine 
was  introduced  in  1880  by  Elihu  Thomson  and  £.  J.  Houston,^  of 
Philadelphia.  About  the  same  time  Weston^  devised  several  forms 
of  djrnamOy  and  in  particular  developed  shunt-wound  machines. 
Many  other  American  inventors  produced  dynamos,  amongst  them 
£dison,^  who  began  in  1878,  widi  a  machine  in  which  the  motion 
was  oscillatory  instead  of  rotatory,  a  device  which  had  been  tried 
by  Dujardin,*  in  1856,  by  Siemens,*  in  1859,  by  Wilde,^  in  1861, 
and  abandoned.  Edison  himself  abandoned  it  in  1879  ^^^  ^  ^^^^^ 
of  machine  having  a  modified  Hefner-Alteneck  armature  and  an 
elongated  shunt-wound  electromagnet.  In  1881,  he  produced  a 
disk  dynamo  on  the  same  lines  as  Pacinotti'^  disk.  The  same  year 
saw  a  revival  of  alternate-current  machines  in  the  forms  devised  by 
Sir  W.  Thomson*  (and  independently  by  Ferranti)  and  Gordon.* 

About  this  time  multipolar  dynamos  began  to  come  into  favour, 
the  omltipolar  drum  armature  introduced  by  Lord  Elphinstone^*  and 
Mr.  Vincent,  and  the  multipolar  ring,  independendy,  by  Schuckert, 
Gramme,  Giilcher,  and  Mordey.^^  Lord  Elphinstone  in  particular 
drew  attention  to  the  importance  of  perfecting  the  magnetic  circuit, 
though,  for  purely  mechanical  reasons,  his  machine  soon  became 
obsolete.  Hopkinson"  showed  how  greatly  the  performance  of  a 
dynamo  was  improved  by  improving  and  makiug  more  compact  its 
magnetic  circuit,  whilst  Crompton^^  amidst  a  number  of  improvements 
in  detail,  showed  the  advantage  of  increasing  the  cross-section  of  iron 
in  the  armature  core.     Meantime  theoretical  considerations  had  led 

'  Spedfication  of  Patent,  2003  of  1878. 

*  Specification  of  Patent,  315  of  1880. 

'  Specifications  of  Patents,  4280  of  1876,  1614  and  2194  of  1882. 

*  Specifications  of  Patents,  4226  of  1878,  2402  of  1879,  i24oand  2954  of  1881,. 
and  2052  of  1882. 

*  See  Da  Moncel's  Expos^  des  Applications^  i.  p.  372. 

*  Specification  of  Patent,  512  of  1859. 
''  Specification  of  Patent,  924  of  186 1. 
'  Specification  of  Patent,  5668  of  1881. 

*  Specifications  of  Patents,  5536  of  1881  and  2871  of  1882. 
*•  Specifications  of  Patents,  332  of  1879,  and  2893  of  1880. 
"  Specification  of  Patent,  400  of  1883. 

"  Specification  of  Patent,  973  of  1883. 

"  Specifications  of  Patents,  2618  and  4810  of  1882,  and  4302  of  1884. 
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Marcel  Deprez,^  in  1881,  to  the  conclusion  that  a  d)niamo  driven  at 
a  certain  critical  speed  ought  to  be  able  to  distribute  currents  at  a 
constant  potential  if  its  field-magnets  were  provided  with  a  second 
coil  to  furnish  from  a  battery  or  other  source  an  independent  and 
constant  auxiliary  excitation.  This  was  almost  immediately  followed 
by  the  general  adoption  of  the  so-called  compound  winding,  for  the 
purpose  of  obtaining  a  self-regulating  d3mamo,  this  advance  being  the 
subject  of  conflicting  rival  claims.  Since  1883- the  chief  progress 
made  has  been  in  details  of  design  and  mechanical  construction. 
Large  multipolar  machines  for  continuous  currents  have  been 
designed  by  Siemens  and  Halske,  by  C.  E.  L.  Brown,  and  others, 
and  are  in  successful  operation.  Disk  dynamos  have  also  been 
introduced  by  Desroziers  and  by  Fritsche.  Large  alternating 
machines  have  been  constructed  by  Ganz,  by  Ferranti,  and  by 
Mordey ;  the  latter's  machine  having  a  notable  improvement  in  the 
use  of  a  single  compact  magnetic  circuit  for  the  field-magnet  The 
latest  novelty  is  the  multiphase  alternate-current  machine,  of  which 
the  most  important  example  is  the  type  constructed  by  Brown  for 
the  transmission  of  power  by  three-phase  currents  firom  Lauffen  to 
Frankfort. 

The  other  branch  of  the  subject,  that  of  the  electric  motor,  goes 
back  to  the  discovery  by  Faraday^  in  182 1  of  electromagnetic 
rotation,  and  the  invention,  in  1823,  by  Barlow,^  of  his  rotating  wheel 
The'earliest  electric  motors  in  which  the  principle  of  attraction  by  an 
electromagnet  was  applied  were  those  of  Henry,*  in  1 831,  and  of  Dal 
Negro,*^  in  1832,  and  these  were  followed  in  1833  and  1834  by  the 
motors  of  Ritchie®  and  of  Jacobi,'  and  in  1837  by  that  of  Davenport' 
Many  other  inventors  devised  machines  of  this  kind,  some  of  the  most 
famous  being  Page*  in  the  United  States,  Davidson  in  Scotland, 
Wheatstone^"  in  England,  Froment"  in  France,  and  Pacinotti^^  in 

*  La  Lumi^e  EUctrique^  December  3,  1881,  and  January  5,  1884. 

*  Journal  oi  Royal  Institution,  September  182 1. 

'  Barlow,    On  Magnetic  Attraction  (1823),  279 ;  and  Encyclopadia  Metro- 
pditana  (1824),  iv.  art.  Electromagfietism,  36. 

*  SilUman^s  Journal,  xx.  340,  1831.     Also  Henry,  Scientific  Writings  (1886), 
i.  54.  '  Annali  delle  Scienze  Lomiardo-Veneto,  March  1834. 

*  FJkil.  Trans.  1833  [2],  318.  '  L Institute  Ixxxii.  Dec  1834. 

*  See  Annals  of  Electricity,  ii.   1838,   Encyclopadia  Britannica  (ed.   vii.), 
art.  VoltaU  Electricity,  687. 

•  Silliman^s  Journal,  xxxiii.  1838 ;  and  [2lx.  344  and  473,  1850. 
»•  Specification  of  Patent,  9022  of  1841. 

"  See  Cosmos,  x.  495,  1857,  and  La  Lumihrt  Electrique,  ix.  193,  June  1883. 
"  Nuifvo  Cimento,  xix.  378,  1865. 
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• 

Italy.     The  discovery  that  the  action  of  a  dynamo  is  the  simple 
converse  of  that  of  the  motor,  and  that  the  same  machine  can  serve 
either  function,  appears  to  have  been  made  by  Jacobi,^  in  1850, 
though   it  only    came  into  general   recognition   somewhat   later. 
It  was  certainly  known  in  1852,  for  in  the  fourth  edition  of  Davis's 
Magnetism,  published  at  Boston,  an    apparatus,   described   as  a 
"  revolving  electromagnet "  (a  slight  modification  of  Ritchie's  motor) 
is  shown,  on  page  212,  as  a  motor,  and  the  same  apparatus  is  again 
shown  on  page  268  as  a  generator,  accompanied  by  the  remark  that 
"  any  of  the  electromagnetic  instruments  in  which  motion  is  produced 
by  the  mutual  action  between  a  galvanic  current  and  a  steel  magnet 
may  be  made  to  afford  a  magneto-electric  current  by  producing  the 
motion  mechanically.     Walenn*  explicitly  stated  the  same  point  in 
i860  j  and  it  was  also  stated  by  Pacinotti  in  1864.     The  principle  of 
transmitting  power  from  one  dynamo  used  as  a  generator  to  another 
used  as  motor  is  claimed  for  Fontaine  and  Gramme,  as  a  discovery 
made  in  1873,  when  such  an  arrangement  was  shown  at  Vierma.     It 
has  been   noisily  claimed,  but  without   the   shadow  of  reason,  for 
Marcel  Deprez^,  who  did  not,  however,  discover  it  until  1881.     In 
1882  Ayrton  and  Perry  made  the  important  discovery  of  the  automatic 
regulation  of  motors,  to  run  with  constant  velocity,  by  methods  akin 
to,  but  the  converse  of,  those  adapted   for   making  dynamos  self- 
regulating.     Since  that  date,  the  improvements  made  in  continuous 
current  motors,  though  great,  have  been  in  mechanical  perfection  of 
design  and  detail.     The  alternate-current  djoiamo  does  not  make  a 
convenient  alternate-current  motor,  as  it  is  not  self-starting.     When 
once  started,  however,  it  runs  in   absolute   synchronism  with  the 
generator.     Ferraris,  in  1888,  made  the  important  suggestion  to  drive 
a  motor  by  two  independent  alternate  currents  of  similar  period,  but 
differing  in  phase,  thus  producing  a  rotating  magnetic  field.     The 
same  suggestion  came  independently  from  Nikola  Tesla,  who  first 
put  such   motors  into  practical  form.      Many  forms  of  rotary-field 
motors  have  since  been  devised ;  one  of  the  most  remarkable  being 
that  of  Dolivo  Dobrowolsky — the  so-called //r^>i-j/>v/«  motor — used 
in  the  Lauffen-Frankfort  demonstration. 

The  theory  of  the  dynamo  dates  back  to  the  investigations  of 
Weber*  and  of  Neumann**  respecting  the  general  laws  of  magneto- 

^  Mhiunre  sur  la  Tkhrie  des  Machines  iUciromagntHques, 
*  Spedficatioii  of  Patent,  2587  of  i860. 

'  Specification  of  Patent,  2830  of  1882.      See  Journ.  Soc,  Teicgr.  Engineers, 
ui.  ^01,  1883.  *  Elektrodynaimscke  MaasbesHmmungen  (1846). 

'  Berliner  Berichte,  p.  I,  1845  ;  and  p.  i,  1847. 
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electric  inductioii,  followed  by  Jacobi's^  calculations  and  experiments 
respecting  the  performance  of  an  electric  motor,  by  Poggendorff  s'  and 
Koosen's^  investigations  of  the  theory  of  the  Saxton  magneto-machine, 
and  by  the  researches  of  Lenz,*  Joule,^  Le  Roux,*  and  of  Sinsteden.' 
These  researches  were  followed  at  a  long  interval  by  those  of  Favre,® 
followed  by  silence  for  twenty  years,  broken  only  by  the  pregnant, 
but  almost  totally  forgotten,  little  paper  in  which  Clerk-Maxwell*  laid 
down  a  theory  for  self-exciting  machines.  On  the  revival  of  electric 
lighting  the  theory  of  the  dynamo  was  again  studied,  important  con- 
tributions being  made  by  Mascart,^®  Hagenbach,^^  von  Waltenhofen," 
Hopkinson,"  Herwig,^*  Meyer  and  Auerbach,"  and  JouberL"  The 
latter  founded  the  modem  theory  of  alternate-current  machines. 
Hopkinson^^  devised  the  method  of  representing,  by  a  curve,  the 
relation  between  the  current  and  the  working  electromotive  force 
of  the  machine ;  such  curves,  under  the  name  of  "  characteristics," 
subsequently  formed  the  basis  of  the  theoretical  researches  of  Marcel 
Deprez.^^  In  1880  Frolich^*  began  a  series  of  investigations  both 
experimental  and  theoretical,  that  led  to  equations  of  remarkable 
simplicity,  if  not  of  more  than  approximate  value,  and  in  1883 
Clausius,**^  adopting  Frolich's  fundamental  expression  for  the  law  of 
the  electromagnet,  evolved  with  great  elaboration  a  theory  in  which 
all  the  various  secondaiy  effects  arising  in  generators  were  taken 
into  account — a  theory  which  he  later  extended  to  the  case  of  motors. 

*  Pogg.  Ann.f  li.  370,  1840 ;  Ixix.  181,  1846 ;  and  Ar^w^J  ybumal,  iii.  377, 
1851.     Also  Ann,  C/iim,  Fhys,  [3]  xxxiv.  451,  1852, 

•  Pogg,  Ann,,  xlv.  390,  1838. 

'  P^SSS^'  Ann,,  Ixxxv.  226 ;  and  Ixxxvii.  386,  1852. 

*  Pogg,  Ann,,  xxxi.  483,  1834 ;  xxxiv.  385,  1835  i  ^^  ^cii.  128,  1854. 

*  Annals  0/  Electricity,  iv.  v.  1839-40  ;  Phil,  Mag,  [3]  xxiii.263,  347,  and  435, 

1843- 

«  Attn,  Chim,  Phys.  [3]  1.  463,  1857.  '  Pogg,  Ann.,  bcxxiv.  l8i,  1851. 

•  Comptes  Retidus,  xxxiv.  342,  1853  ;  xxxix.  1212,  1854;  xlvi.  337,  658,  1858. 

•  Proc,  Roy,  Soc,,  Mar.  14,  1867 ;  and  Phil.  Mag,  [4]  xxxiii.  [474],  1867. 
*o  Journal  de  Physique,  vi.  204,  297,  1877  ;  and  vii.  89,  1878. 

"  Archives  des  Sciences  Physiques,  Iv.  255,  March  1876;  and  Pogg,  Ann., 
clviii.  599,  1876.  "  Wiaier  Berichte,  Ixxx.  60I,  1879. 

"  Proc,  Inst.  Mech,  Eugituers,  238,  1879,  and  266,  l88a 

"   Wied,  Ann,,  viii.  494,  1880.  «»   JVied,  Ann,,  viu.  494,  1879. 

"  Ann.  de  V Ecole Normale,  x.  131,  1881 ;  and  Journal  de  Physique  [2]  ii.  293, 
1883.  *7  Proc,  Inst,  Mech.  Engineers,  238,  1879. 

**  Comptes  Rendus,  xdi.  1 152,  1881 ;  and  La  Lutnitrt  Electrique,  xv.  i,  1885. 

"•  Berl,  Berichte,  962,  1880 ;  Electrotechnische  Zeitschri/t,  il  134,  170,  1881  ; 
vi.  128,  etc.,  1885  ;  and  ix.,  Nov.  1888. 

"•  IVied.  Ann.,  xx.  353,  1883 ;  xxi.  385,  1884 ;  Phil,  Mag.  (5)  xvii.  49  and 
119,  1884. 
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In  1886  John  and  Edward  Hopkinson^  published  a  remarkable 
paper,  developing,  from  theoretical  considerations  respecting^ the 
induction  of  magnetism  in  a  magnetic  circuit  of  given  form  and 
materials,  a  theory  of  the  dynamo,  the  perfection  of  which  may  be 
judged  by  the  fact  that  its  use,  as  now  extended  by  various  workers, 
enables  the  performance  of  a  machine  to  be  predicted  with  extra- 
ordinary accuracy  from  the  design  as  laid  down  in  the  working 
drawings.  Other  contributions  to  the  theory  of  dynamos  have  been 
made  by  Sir  W.  Thomson*  (windings  to  secure  maximum  efficiency), 
Kapp*  (pre-determination  of  characteristic  curve),  Riicker*  (limits 
of  self-regulation),  Esson,^  (design  of  multipolar  machines),  and 
others.  Hering,*  Fritsche,'  and  Arnold*  have  published  studies  on 
the  modes  of  winding  armatures ;  and  the  latter  has  given  a  formula 
for  all  kinds  of  continuous-current  machines  with  closed-coil  armatures. 
Methods  of  analyzing  the  various  losses  of  energy  due  to  friction, 
hysteresis,  and  eddy-currents  have  been  devised  by  Mordey,*  and 
later  by  Kapp  ^®  and  Housman,**  independently. 

»  PAsl  Trans.,  i.  331,  1886. 

'  Journal (U  Pkyfiqu€{2)  ii.  240,  1887  ;.and  Comptes  Rendus,  xciii.  474,  1881. 

•  Jmtm,  Sac.  Telq;r.  Engineers,  xv.  518,  1887. 

•  Phil  Mag,  (5)  xix.,  462,  June,  1885. 

•  Journal  Inst,  EUctrical  Engineers,  xx.  1891. 

•  Hering's  Ptinciples  of  Dynamo-electric  Machines,  New  York,  1S89. 
'  Fritsches  Die  GUichstrom-Dynamomaschine,  Berlin  1889. 

•  KtdxA^^s  Di€  Ankerwichelungder  Gleichstrom-Dynamomaschinen,  Berlin  1891. 

•  Journal  Inst  Electrical  Engineers,  xviii.  620,  1889. 
"  Electrician,  xxvi.  7«>»  '891. 

"  A;  see  also  JourneU  Inst.  Electrical  Engineers,  xx.  303,  i8o». 
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CHAPTER  III. 

PHYSICAL  THEORY  OF  DYNAMO-ELECTRIC  MACHINES. 

All  dynamos  are  based  upon  the  discovery  made  by  Faraday 
in  1 83 1,  that  electric  currents  are  generated  in  conductors  by 
moving  them  in  a  magnetic  field.  Faraday's  principle  may 
be  enunciated  as  follows : — When  a  conductor  is  moved  in  a 
field  of  magnetic  force  in  any  way  so  as  to  cut  the  lines  of 
force,  there  is  an  electromotive-force  produced  in  the  con- 
ductor, in  a  direction  at  right  angles  to  the  direction  of 
the  motion,  and  at  right  angles  also  to  the  direction  of  the 
lines  of  force,  and  to  the  right  of  the  lines  of  force,  as  viewed 
from  the  point  from  which  the  motion  originates.^ 

Dr.  Fleming  has  given  a  most  useful  rule  for  remembering 
this  connexion  between  motion,  magnetism,  and  induced 
current.  Hold  the  thumb  and  the  first  and  middle  fingers  of 
the  right  hand  as  nearly  as  possible  at  right  angles  to  each 
other,  as  in  Fig.  9,  so  as  to  represent  three  rectangular  axes  in 
space.  If  the  thumb  point  in  the  direction  of  the  motion, 
and  the  forefinger  point  along  the  direction  of  the  magnetic 
lines,  then  the  middle  finger  will  point  in  the  direction  of  the 
induced  electromotive-force. 

This  induced  electromotive-force  is,  as  Faraday  showed, 
proportional  to  the  number  of  lines  of  magnetic  force*  cut  per 
second  ;  and  is,  therefore,  proportional  to  the  intensity  of  the 
magnetic  "  field,"  and  to  the  length  and  velocity  of  the  moving 

*  A  more  usual  rule  for  remembering  the  direction  of  the  induced  currents  is 
the  following  adaptation  from  Ampere's  well-known  rule  : — Supposing  a  figure 
swimming  in  any  conductor  to  turn  so  as  to  look  along  the  (positive  direction  of 
the)  lines  of  force.  Then,  if  he  and  the  conductor  be  moved  towards  his  right 
hand,  he  Mrill  be  swimming  with  the  current  induced  by  this  motion. 

*  For  the  numerical  signification  to  be  attached  to  the  term  ''number  ol 
magnetic  lines,"  see  p.  123. 
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conductor.  For  steady  currents,  the  flow  of  electricity  in  the 
conductor  is,  by  Ohm's  well-known  law,  directly  proportional 
to  this  electromotive-force,  and  inversely  proportional  to  the 
resistance  of  the  conductor.  For  sudden  currents,  or  currents 
whose  strength  is  varying  rapidly,  this  is  no  longer  true.    And 
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Illustration  of  Fleming's  Rule. 

it  is  one  of  the  most  important  matters,  though  one  too  often 
overlooked  in  the  construction  of  dynamo-electric  machinery, 
that  the  "  resistance  "  of  a  coil  of  wire,  or  of  a  circuit,  is  by  no 
means  the  only  obstacle  offered  to  the  generation  of  a  momen- 
tary current  in  that  coil  or  circuit ;  but  that,  on  the  contrary, 
the  "  self-induction  "  exercised  by  one  part  of  a  coil  or  circuit 
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upon  another  part  or  parts  of  the  same,  is  a  consideration,  in 
many  cases  quite  as  important  as,  and  in  some  cases  more 
important  than,  the  resistance. 

To  understand  clearly  Faraday's  principle — that  is  to  say, 
how  it  is  that  the  act  of  moving  a  wire  so  as  to  cut  magnetic 
lines  of  force  can  generate  a  current  of  electricity  in  that  wire 
— let  us  inquire  what  a  current  of  electricity  is. 

A  wire  through  which  a  current  of  electricity  is  flowing 
looks  in  no  way  different  from  any  other  wire.     No  man  has 


Magnetic  Field  of  Bar-Magnei 


ever  yet  seen  the  electricity  running  along  in  a  wire,  or 
knows  precisely  what  is  happening  there.  Indeed,  it  is  still  a 
disputed  point  which  way  the  electricity  flows,  or  whether 
or  not  there  are  two  currents  flowing  simultaneously  in  oppo- 
site directions.  One  thing  is  certain  ;  that  the  enei^y  does 
not  flow  along  the  substance  of  the  wire  at  all,  but  is  trans- 
mitted across  the  surrounding  medium,  transversely.  Until 
we  know  with  absolute  certainty  what  electricity  is,  we  cannot 
expect  to   know  precisely  what  a  current  of  electricity  is. 
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But  no  electrician  is  in  any  doubt  as  to  one  most  vital  matter, 
namely,  that  when  that  which  is  called  an  electric  current 
flows  through  a  wire,  the  ma^etic  forces  with  which  that  wire 
is  thereby,  for  the  time,  endowed,  reside  not  in  the  wire  at  all, 
but  in  the  space  surrounding  it.  Every  one  knows  that  the 
space  or  "  field "  surrounding  a  magnet  is  full  of  magnetic 
"lines  of  force,"  and  that  these  lines  run  in  tufts  from 
the  N-pcinting  pole  to  the  S-pointing  pole  of  the  magnet, 
invisible  until,  by  dusting  iron  filings  into  the  field,  their 
presence  is  made  known,  though  they  are  always  in  reality 
there  (Fig.  10).  A  view  of  the  magnetic  field  at  the  pole  of  a 
bar  m^net,  as  seen  end-on,  would,  of  course,  exhibit  merely 
radial  lines,  as  seen  in  Fig.  11. 


Magnetic  Fiild  bound  one  Pole,  end-on. 

Now,  every  electric  current  (so-called)  is  surrounded  by  -i 
magnetic  field,  the  lines  of  which  can  be  similarly  revealed. 
To  observe  them,  a  hole  is  bored  through  a  card  or  a  piece  of 
glass,  and  the  wire  which  carries  the  current  must  be  passed 
up  through  the  hole.     When  iron  filings  are  dusted  into  the 
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field  they  assume  the  form  of  concentric  circles  (Fig.  12), 
showing  that  the  lines  of  force  run  completely  round  the  wirer 
and  do  not  stand  out  in  tufts.  In  fact,  every  conducting  wire 
is  surrounded  by  a  sort  of  magnetic  whirl,  like  that  shown  in 


Fig.  13.  A  great  part  of  the  energy  of  the  so-called  electric 
current  in  the  wire  consists  in  these  external  magnetic  whirls. 
To  set  them  up  requires  an  expenditure  of  energy ;  and  to 
maintain  them  requires  also  a  constant  expenditure  of  enei^. 
It  is  these  magnetic  whirls  which  act  on  magnets,  and  cause 
them  to  set,  as  galvanometer  needles  do,  at  right  angles  to  the 
conducting  wire. 

Now,  Faraday's  principle  is  nothing  more  or  less  than 
this ; — That  by  moving  a  wire  near  a  magnet,  across  a  space 
in  which  there  are  magnetic  lines,  the  motion  of  the  wire,  as 
it  cuts  across  those  magnetic  lines,  sets  up  magnetic  whirls 
round  the  moving  wire,  or,  in  other  language,  generates  a 
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so-called  current  of  electricity  in  that  wire.     Poking  a  magnet 

pole  into  a  loop  or  circuit  of  wire  also  necessarily  generates  a 

momentary  current  in  the  wire  loop,  because 

it  momentarily  sets  up  magnetic  whirls.     In  "''  '^' 

Faraday's  language,  this  action  increases  the 

number  of  magnetic  lines  intercepted  by  the 

circuit 

It  is,  however,  necessary  that  the  moving 
conductor  should,  in  its  motion,  so  cut  the 
magnetic  lines  as  to  alter  the  number  of  lines 
of  force  that  pass  through  the  circuit  of  which 
the  moving  conductor  forms  part  If  a  con- 
ducting circuit — a  wire  ring  or  single  coil,  for 
example — be  moved  along  in  a  uniform  mag- 
netic field,  as  indicated  in  Fig.  14,  so  that 
only  the  same  lines  of  force  pass  through  it, 
no  current  will  be  generated.  Or  if,  again,  as 
Id  Fig.  15,  the  coil  be  moved  by  a  motion  of 
translation  to  another  part  of  the  uniform 
field,  as  many  lines  of  force  will  be  left  behind  4 

as  are  gained  in  advancing  from  its  first  to  1 

its  second    position,   and    there    will   be  no  * 

,  .       ,  ;      tr    ,  ■■   ,      Magnetic  Whirl 

current  generated  in  the  coil.     If  the  coil  be      surrounding 

merely  rotated  on  itself  round  a  central  axis,    '^'cumNr'^*^ 

like  the  rim  of  a  fly-wheel,  it  will  not  cut  any 

more  lines  of  force  than  before,  and  this  motion  will  generate 

no  current    But  if,  as  in  Fig.  16,  the  coil  be  tilted  in  its  motion 

across  the  uniform  field,  or  rotated  round  any  axis  in  its  own 

plane,  then  the  number  of  lines  of  force  that  traverse  it  will 

be  altered,  and  currents  will  be  generated.     These  currents 

will  flow  round  the  ring  coil  in  the  right-handed  direction  (as 

viewed  by  a  person  looking  along  the  magnetic  field  in  the 

direction  in  which  the  magnetic  lines  run),  if  the  effect  of  the 

movement  is  to  diminish  the  number  of  lines  of  force  that 

cross  the  coil ;  they  will  flow  round  in  the  opposite  sense,  if 

the  effect  of  the  movement  is  to  increase  the  number  of 

intercepted  lines  of  force. 

If  the  field  of  force  be  not  a  uniform  one,  then  the  effect 
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of  taking  the  coil  by  a  simple  motion  of  translation  from  a 
place  where  the  lines  of  force  are  dense  to  a  place  where  they 
are  less  dense,  as  from  position  i  to  position  2  in  Fig.  17,  will 

Fig.  14. 


Circuit  Moved  without  cutting  Lines  of  Force  of  Uniform 

Magnetic  Field. 

be  to  generate  currents.  Or,  if  the  motion  be  to  a  place 
where  the^lines  of  force  run  in  the  reverse  direction,^  the  effect 
will  be  the  same,  but  even  more  powerful. 

Fig.  15. 


Circuit  moved  without  cutting  any  more  Lines  of  Force. 

We  may  now  summarise  the  points  under  consideration 
and  some  of  their  immediate  consequences,  in  the  following 
manner : — 

(i.)  A  part,  at  least,  of  the  energy  of  an  electric  current 

*  As  a  matter  of  fact,  it  would  be  impossible  to  have  a  magnetic  field  exactly 
like  Fig.  II ;  for  in  the  intermediate  part,  between  the  upper  and  lower  fields,  the 
magnetic  lines  would  be  of  carved  complex  form. 
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exists  in  the  form  of  magnetic  whirls  in  the  space  surrounding 
the  conductor. 

(2.)  Currents  can  be  generated  in  conductors  by  setting 
up  magnetic  whirls  round  them. 

Fig.  i6. 


ClltCUIT  UOVKD  so  AS  TO  ALTER  NUMBER  OF  LiNES  OF  FORCE 

THROUGH  IT. 

(3.)   We  can  set  up  ms^etic  whirls   in   conductors  by- 
moving  magnets  near  them,  or  moving  them  .near  magnets. 

Fig.  17. 


y    /A&^ 


Motion  op  Circuit  in  Non-Uniform  Magnetic  Field. 


(4.)  To  set  up  such  magnetic  whirls,  and  to  maintain  them 
by  means  of  an  electric  current  circulating  in  a  coil,  requires  a 
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<:ontinuous  expenditure  of  energy,  or,  in  other  words,  consumes 
power. 

(5.)  To  induce  currents  in  a  conductor,  there  must  be 
relative  motion  between  conductor  and  magnet,  of  such  a 
kind  as  to  alter  the  number  of  lines  of  force  embraced  in  the 
circuit. 

(6.)  Increase  in  the  number  of  lines  of  force  embraced 
by  the  circuit  produces  a  current  in  the  opposite  senses  to 
decrease. 

(7.)  Approach  induces  an  electromotive-force  in  the 
opposite  direction  to  that  induced  by  recession. 

(8.)  The  more  powerful  the  magnet-pole  or  magnetic  field 
the  higher  will  be  the  electromotive-force  generated. 

(9.)  The  more  rapid  the  motion,  the  higher  will  be  the 
electromotive-force. 

(10.)  By  joining  in  series  a  number  of  such  moving  con- 
ductors, the  electromotive-forces  in  the  separate  parts  are 
added  together ;  hence  very  high  electromotive-forces  can  be 
obtained  by  using  numerous  coils  properly  connected. 

(11.)  Since  the  quantity  or  strength  of  the  current  depends 
on  the  resistance  of  the  conductors  in  the  circuit,  as  well  as  on 
the  electromotive-force,  all  unnecessary  resistance  should  be 
avoided. 

(12.)  Approach  being  a  finite  process,  the  method  of  ap- 
proach and  recession  (of  a  coil  towards  and  from  a  magnet 
pole)  must  necessarily  yield  currents  alternating  in  direction. 

(13.)  By  using  a  suitable  commutator,  all  the  currents, 
direct  or  inverse,  produced  during  recession  or  approach,  can 
be  turned  into  the  same  direction  in  the  wire  that  goes  to 
supply  currents  to  the  external  circuits ;  and  if  the  rotating 
coils  are  properly  grouped  so  that  before  the  electromotive- 
force  in  one  set  has  died  down  another  set  is  coming  into 
action,  then  it  will  be  possible,  by  using  an  appropriate 
commutator,  to  combine  their  separate  currents  into  one 
practically  uniform  current. 

(14.)  To  the  moving  conductor  which  is  generating  the 
electromotive-force  by  cutting  the  magnetic  lines,  it  makes  no 
difference  what  the  origin  of  those  lines  is,  whether  from  a 
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permanent  magnet  of  steel  or  from  an  electromagnet,  pro- 
vided the  number  of  magnetic  lines  so  cut  is  the  same. 

(15.)  To  the  moving  conductor  it  makes  no  difference 
what  the  origin  of  the  motion  is.  Whether  the  motion  be  due  to 
a  steam-engine,  or  to  a  gas-engine,  or  to  hand-driving,  or  to  the 
driving  of  an  electric  current  in  the  wire  itself  (as  in  the  case 
of  electric  motors),  it  makes  no  difference  to  the  moving  con- 
ductor, which,  provided  the  speed  and  the  number  of  magnetic 
lines  to  be  cut  are  given,  will  generate  the  same  electromotive- 
force. 

To  make  more  clear  the  considerations  which  will  occupy 
us  when  discussing  individual  types  of  dynamo,  we  will  first 
examine  some  fundamental  points  in  the  general  mechanism 
and  design  of  dynamo  machines ;  for  there  are  many  additional 
conditions  to  be  observed  in  the  construction  of  a  successful 
dynamo.  We  will  deal  with  the  various  matters  in  order, 
beginning  with  the  various  organs  or  parts  of  the  machine. 
Having  discussed  these,  we  take  up  the  nature  of  the  pro- 
cesses that  go  on  in  the  machine  when  it  is  at  work,  the 
action  of  the  magnetic  field  on  the  rotating  armature,  the 
reactions  of  the  armature  upon  the  field  in  which  it  rotates. 
We  must  then  enter  upon  the  magnetic  part  of  the  subject, 
and  discuss  the  magnetic  properties  of  iron  so  far  as  is  needed 
for  the  purpose  of  dynamo  design.  We  shall  then  consider 
the  design  of  field-magnets,  and  the  design  and  construction 
of  armatures. 


y  Organs  of  Dynamo-electric  Machines. 

The  simplest  conceivable  dynamo  is  that  sketched  in 
Fig.  18,  consisting  of  a  single  rectangular  loop  of  wire  rotating 
in  a  simple  and  uniform  magnetic  field  between  the  poles  of  a 
large  mag^net  If  the  loop  be  placed  at  first  in  the  vertical 
plane,  the  number  of  lines  that  pass  through  it  from  right  to 
left  will  be  a  maximum,  and  as  it  is  turned  into  the  horizontal 
position  the  number  diminishes  to  zero ;  but  on  continuing 
the  rotation  the  lines  begin  again  to  thread  through  the  loop 
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from  the  opposite  side,  so  that  there  is  a  negative  maximum 
when  the  loop  has  been  turned  through  I8o^  During  the 
half-revolution,  therefore,  currents  will  have  been  induced  in 
the  loop,  and  these  currents  will  be  in  the  direction  from  back 

to  front  in  the  part  of  the 

r  IG.  lo.  ,  «  •  1    •      •  •  < « 

loop  which  IS  nsmg  on  the 
left,  and  in  the  opposite 
direction,  namely  from 
front  to  back,  in  that  part 
which  is  descending  on  the 
right.  On  passing  the  180'' 
position,  there  will  begin 
Ideal  Simple  Dynamo.  an  induction  in  the  reverse 

sense,  for  now  the  number 
of  negative  lines  of  force  is  diminishing,  which  is  equivalent 
to  a  positive  increase  in  the  number  of  lines  of  force :  and 
this  increase  would  go  on  until  the  loop  reached  its  original 
position,  having  made  one  complete  turn.  If,  then,  to  each 
end  of  the  loop  there  were  separately  attached  a  metal  collar 
on  the  shaft,  and  on  each  collar  there  pressed  a  spring,  wires 
connected  to  these  springs  would  convey  an  alternating 
current  to  the  circuit.  If,  however,  it  is  desired  to  adapt  the 
apparatus  to  furnish  a  continuous  current,  a  special  adjunct 
must  be  added. 

To  commute  these  alternately-directed  currents  into  one 
direction  in  the  external  circuit,  there  must  be  applied  a 
commutator  consisting  of  a  metal  tube  slit  into  two  parts,  and 
mounted  on  a  cylinder  of  hard  wood  or  other  suitable  insulat- 
ing material ;  each  half  being  connected  to  one  end  of  the 
loop,  as  indicated  in  Fig.  18.  Against  this  commutator  press 
a  couple  of  metallic  springs  or  "  brushes "  (Fig.  19),  which 
lead  away  the  currents  to  the  main  circuit.  It  is  obvious  that 
if  the  brushes  are  so  set  that  the  one  part  of  the  split  tube 
slides  out  of  contact,  and  the  other  part  slides  into  contact 
with  the  brush,  at  the  moment  when  the  loop  passes  through 
the  positions  when  the  induction  reverses  itself,  the  alternate 
currents  induced  in  the  loop  will  be  "  commuted  *'  into  one 
direction  through  the  circuit.     We  should  expect  therefore 
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the  brushes  to  be  set  so  that  the  commutation  shall  take  place 
«xactly  as  the  loop  passes  through  the  vertical  position.  In 
practice,  however,  it  is  found  that  a  slight  forward  lead  must 
be  given  to  the  brushes,  for  reasons  which  will  presently 
appear.     In  Fig.  20  are  shown  the  brushes  B  B',  displaced  so 

Fjc.  19.  Fig.  20. 


Two-part  Commltatok.  Simple  Loop  in  Simple  Field. 

as  to  touch  the  commutator  not  exactly  at  the  highest  and 
lowest  points,  but  at  points  displaced  in  the  direction  of  the 
line  D  D,  which  is  called  the  "  diameter  of  commutation." 
The  argument  is  in  no  wise  changed  if  for  the  single  ideal  loop 
we  substitute,  as  proposed  by  Sturgeon  in  1835,  the  simple 
rectangular  coil  represented  in  Fig.  21,  consisting  of  many 
turns  of  wire,  in  each  of  which  a  simultaneous  inductive  action 


SiMpLB  Rectahgular  Coil. 

is  going  on,  making  the  total  induced  electromotive-force 
proportionally  greater.  This  form,  with  the  addition  of  an 
iron  core  is,  indeed,  the  form  given  to  armatures  in  1856  by 
Siemens,  whose  shuttle-wound  armature  is  represented  in 
section  in  Fig.  22.  A  small  magneto-electric  machine  of  the 
old  pattern,  having  the  .shuttle-wound  armature,  is  shown  in 
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Fig.  23.     Though  this  form  has  now  for  many  years  been 
abandoned,  save  for  small  motors  and  similar  work,  it  gave  a 


great  impetus  to  the  machines  of  its  day ;  but  foi  all  large 
worlc  it  has  been  entirely  superseded  by  the  ring  armatures 
and  drum  armatures  presently  to  be  described. 


Essential  Parts  ok  a  Dynamo. 

We  have  seen  that  the  dynamo  in  its  simplest  form  con- 
sists of  two  main  portions  :  (i)  an  arff/ff/i/r^,  which  in  revolving 
induces  electromotive-forces  in  the  copper  conductor  wound 
upon  it ;  (z)  a  field-maguet,  that  is  to  say  a  magnet  whose 
function  is  to  provide  a  field  of  magnetic  lines,  to  be  cut  by 
the  armature  conductors  as  they  revolve.  In  all  dynamos, 
whether  for  continuous  currents  or  for  alternate  currents, 
these  two  parts  can  be  recognized.  In  almost  all  continuous- 
current  machines  the  field-magnet  stands  still,  and  consists  of 
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a  comparatively  simple  and  massive  electromagnet ;  whilst 
the  armature,  which  is  a  more  complex  structure,  is  the 
portion  which  rotates.  In  alternate-current  machines  the 
iield-magnet  is  usually  multipolar,  and  in  the  majority  of 
cases  is  stationary,  whilst  the  armature  rotates  ;  nevertheless 
there  are  many  alternators  of  recent  pattern  in  which  the 
armature  stands  still  and  the  field-magnet  rotates.  The 
criterion  as  to  which  portion  is  properly  called  "field- 
magnet,"  and  which  "  armature,"  is  not  the  question  of  rota- 
tion or  otherwise.  The  name  of  field- magnet  is  properly 
given  to  that  part  which,  whether  stationary  or  revolving, 
maintains  its  magnetism  steady  during  the  revolution;  and 
Ae  name  armature  is  properly  given  to  that  part  which, 
whether  revolving  or  fixed,  has  its  magnetism  changed  in  a 
regularly  repeated  fashion  when  the  machine  is  in  motion. 

In  the  case  of  continuous-current  machines  there  is  another 
feature  of  first  importance,  namely,  the  apparatus  for  collect- 
ing the  currents  from  the  revolving  armature.  This  apparatus 
consists  of  two  essential  parts ;  the  commutator  (or  collector) 
attached  to  the  armature  and  revolving  with  it,  and  the 
brushes.  The  latter,  which  are  conducting  contact  pieces  held 
pressed  against  the  surface  of  the  rotating  commutator,  are 
provided  with  special  brushrholders  mounted  upon  an  adjust- 
able frame  or  rocker. 

In  the  case  of  alternate-current  machines  there  is  no  need 
of  a  commutator ;  but,  in  general,  these  machines  have  to  be 
provided  with  some  device  for  making  a  sliding  connexion. 
For  in  those  forms  in  which  the  armature  rotates,  its  coils 
must  be  brought  into  continuous  metallic  relation  with  the 
conductors  of  the  main  circuit ;  and  in  those  forms  in  which 
the  armature  is  stationary  and  no  such  arrangement  is  needed 
at  that  part,  there  must  still  be  sliding  contacts  to  maintain 
the  coils  of  the  revolving  field-magnet  part  in  continuous 
metallic  connexion  with  the  auxiliary  exciting  circuit.      In 
either  case  the  appropriate  device  consists  of  a  pair  of  collect- 
ing rings,  against  each  of  which  a  brush  presses. 

In  addition  to  the  electrical  and  magnetic  features  enume- 
rated above,   there  are  certain   purely  mechanical   featured 
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which  need  to  be  considered.  The  revolving  part  must  be 
mounted  on  an  appropriate  spindle  or  shafts  the  design  of 
which  is  a  matter  of  mechanical  engineering.  To  transmit 
the  power  from  the  spindle  to  Jhe  revolving  conductors  of  the 
armature  there  are  required  driving  attachments  properly 
secured  to  the  spindle.  The  spindle  itself  must  be  supported 
in  suitable  bearings^  and  be  provided  with  lubricators  to  secure 
cool  running.  To  receive  the  power  from  the  engine  a  pulley 
must  be  provided,  unless  the  dynamo  is  to  be  driven  direct 
by  a  coupling  from  an  engine  mounted  on  the  same  bed-plate. 
Lastly,  the  whole  dynamo  must  be  erected  upon  an  appro- 
priate bed-plate^  which  in  some  cases  is  placed  upon  rails^  so 
that  it  may  be  shifted  from  time  to  time  by  the  aid  of 
tightening  screws,  as  the  belt  grows  slack. 

In  the  considerations  which  follow,  attention  will  be  con- 
centrated upon  dynamos  for  producing  continuous  currents, 
the  various  organs  of  which  will  be  duly  considered.  The 
design  of  alternate-current  machines  will  be  discussed  in  a 
later  chapter. 

CONTINUOUS-CURRENT  DYNAMOS. 

Armatures. 

Returning  to  the  ideal  simple  loop,  we  may  exhibit  it  in 
Its  relation  to  the  2-part  commutator  somewhat  more  clearly 
by  referring  to  Fig.  24.  The  same  split-tube  or  2-part 
commutator  will  suffice  if  a  loop  of  two  or  more  turns  be 
substituted,  as  shown  in  Fig.  25,  for  the  single  turn. 

But  we  may  substitute  also  for  the  one  loop  a  small  coil 
consisting  of  several  turns  wound  upon  an  iron  ring.  This 
coil  (Fig.  26),  which  may  be  considered  as  one  section  of  a 
Pacinotti  or  Gramme  ring,  will  have  lines  of  force  induced 
through  it  as  the  loop  had.  In  the  position  drawn,  it  occupies 
the  highest  point  of  its  path,  and  the  induction  of  lines  of  force 
through  it  will  be  a  maximum.  As  it  turns,  the  number  of 
lines  of  force  threaded  through  it  will  diminish,  and  become 
zero  when  it  is  at  90°  from  its  original  position.  But  a  little 
consideration  of  its  action  will  suffice  to  show  that  if  another 
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coil  be  placed  at  the  opposite  side  of  the  ring  it  will  be  under- 
going exactly  similar  inductive  action  at  the  same  moment, 
and  may  therefore  be  connected  to  the  same  commutator.     If 


Fig.  24. 


Fig.  25. 


Fig.  26. 


Simple  Lx)op  Arma- 
ture. 


Loop  Armature  of       Simple  Ring  Armature 
Two  Turns.  with  One  Coil. 


these  two  coils  are  united  in  parallel  arc,  as  shown  in  Fig.  27^ 
the  joint  electromotive-force  will  be  the  same  as  that  due 
to  either  separately ;  but  the  resistance  offered  to  the  current 
by  the  two  jointly  is  half  that  of  either.     It  is  evident  that 


Fig.  27. 


Fig.  28. 


Simple  Ring  Armature  with 
Two  Coils  in  Parallel. 


Simple  Loop  Armature  with 
Two  Coils  in  Parallel. 


we  may  connect  two  parallel  loops  in  a  similar  fashion  to  one 
simple  2-part  .collector.  If  the  two  loops  are  of  one  turn 
each,  we  shall  have  the  arrangement  sketched  in  Fig.  28  ;  but 
the  method  of  connecting  is  equally  good  for  loops  consisting 
of  many  turns  each. 

Now,  with  all  these  arrangements  involving  the  use  of  a 
2-part  commutator,  whether  there  be  one  circuit  only  or  two 
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circuits  in  parallel  in  the  coils  attached  thereto,  there  is  the 
disadvantage  that  the  currents,  though  commutated  into  one 
direction,  are  not  absolutely  continuous.  In  any  single  coil 
without  a  commutator  there  would  be  generated,  in  suc- 
cessive revolutions,  currents  whose  variations  might,  if  the 
coil  were  destitute  of  self-induction,  be  graphically  expressed 
by  a  recurring  sinusoidal  curve,  such  as  Fig.  29.     But  if  by 


Simple  Curve  of  Sines,  representing  an  Alternating  or 

LJndulatory  Current. 

the  addition  of  a  simple  split-tube  commutator  the  alternate 
halves  of  these  currents  are  reversed,  so  as  to  rectify 
th^ir  direction  through  the  rest  of  the  circuit,  the  resultant 
currents  will  not  be  continuous,  but  will  be  of  one  sign  only, 
as  shown  in  Fig.  30,  there  being  two  currents  generated  during 
each  revolution  of  the  coil.  The  currents  are  now  "  rectified," 
or  "redressed,"  as  our  continental  neighbours  say,  but  are 

Fig.  30. 


I  2  * 

Curve  of  Rectified  or  Commuted  Alternating  Current. 

not  continuous.  To  give  continuity  to  the  currents,  we  must 
advance  from  the  simple  2-part  commutator  to  a  form  having 
a  larger  number  of  parts,  and  employ  therewith  a  larger 
number  of  coils.  The  coils  must  also  be  so  arranged  that  one 
set  comes  into  action  while  the  other  is  going  out  of  action. 
Accordingly,  if  we  fix  upon  our  iron  ring  two  sets  of  coils  at 
right  angles  to  each  other's  planes,  as  in  Fig.  31,  so  that  one 
comes  into  the  position  of  best  action  while  the  other  is  in  the 
position  of  least  action  (one  being  parallel  to  the  lines  of  force 
when  the  other  is  normal  to  them),  and  their  actions  be  super- 
posed, the  result  will  be,  as  shown  in  Fig.  32,  to  give  a  current 
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which  is  continuous,    but  not    steady,  having    four    slight 
undulations  per  revolution.     If  any  larger  number  of  separate 
coils  are  used,  and  their  effects,  occurring  at  regular  intervals, 
be  superposed,  a  similar  curve  will  be 
obtained,  but  with  summits  propor-  *''°-  3'- 

tionately   more   numerous    and    less 
elevated.    When  the  number  of  coils 
used   is   very   great,   and    the    over- 
lappings  of  the  curves  are  still  more 
complete,   the   row  of  summits  will 
form  practically   a   straight   line,  or 
the  whole  current  will  be  practically 
constant.      As   arranged   in  Fig.  31, 
the  four  coils  are  all  united  together 
^n  a  closed  circuit,  the  end  of  the  first 
being  united  to  the  beginning  of  the  second,  and  so  forth  all 
round,  the  last  section  closing  in  to   the  first     For  perfect 
uniformity  of  effect,  the  coils  on  the  armature  ought  to  be 
divided  into  a  very  large  number  of  sections  (see  calculations 
p.  221,  Chap.  IX.),  which  come  in  regular  succession  into  the 
portion  of  maximum  induction  at  regular  intervals  one  after 

fiG.  33. 


CuKvs  OF  Continuous  but  Non-umiforu  Cdrbent. 

the  other.  In  Fig.  33  a  sketch  is  given  of  a  drum  armature 
wound  writb  two  pairs  of  coils  at  right  angles  one  to  the  other, 
and  connected  to  a  4-part  commutator.  A  little  examination 
of  Figs,  31  and  33  will  show  that  each  section  of  the  coils  is 
connected  to  the  next  in  order  to  it ;  the  whole  of  the  windings 
constituting,  therefore,  a  single  closed  coil.  Also,  the  end  of 
one  section  and  the  beginning  of  the  next  are  both  connected 
with  a  segment  of  the  commutator.  In  practice,  the  commu- 
tator segments  are  not  mere  slices  of  metal  tubing,  but  are 
built  up  of  a  number  of  parallel  bars  of  copper,  gun-metal,  or 
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phosphor-bronze,  such  as  may  be  seen  in  Fig,  36,  p.  43,  placed 
round  the  periphery  of  a  cylinder  of  some  insulating  substance. 
,  It  will  also  be  noticed  that,  owing  to  the  fact  that  there  is  a 
continuous  circuit  all  round,  there  are  two  ways  in  which  the 
current  may  flow  through  the 
armature  from   one  brush  to 
the  other,  as  in  all   the  ring 
and     drum     armatures ;      of 
which,  indeed.  Figs,  31  and  33, 
may  be  taken  as  simplified 
instances.    The  same  reason- 
ing   now  applied    to  4-part 
armatures     holds     good     for 
those    having    a   still    larger 
number   of  parts,   such  as  is 
shown  in  Fig.  34.    Of  these 
more  will  be  said  in  the  sub- 
sequent chapters.     Let  it  suffice  to  say  here  that  in  closed- 
coil  armatures,  whether  of  the  "ring"  or  the  "drum"  type, 
there   are   usually   as    many   segments   to   the   commutator 
as  there  are  sections  or  groups  of  coils  in  the  circuit  of  the 

Fig.  34. 


Simple  Ring  Armature,  showing  Connexions  of  Closed  Coil. 

armature.  The  special  case  of  open-coil  armatures  is  considered 
in  Chapter  XVII.,  p.  449.  In  these  machines  the  separate  coils 
are  not  connected  up  together  in  series,  and  a  special  form  of 
commutator  is  used  instead  of  the  usual  arrangement  of  a 
large  number  of  parallel  bars. 
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As  alread>^xplained,  the  "  brushes "  press  against  the 
commutator,  being  usually  held  in  position  by  a  spring.  As 
the  commutator  rotates,  each  of  the  bars  passes  successively 
under  the  brush,  and  makes  contact  with  it.  At  one  side — 
that  towards  which  the  two  currents  in  the  armature  are 
flowing — the  current  flows  from  the  commutator-bar  into  the 
brush.  At  the  other  side  the  return  current  flows  from  the 
negative  brush  into  the  commutator-bar  in  contact  with  it, 
and  thence  divides  into  two  parts  in  the  two  circuits  of  the 
armature.  Since  the  brushes  press  against  the  commutator- 
bars,  then  when  one  commutator-bar  is  leaving  and  the  next 
coming  up  into  contact  with  the  brush,  there  will  be  contact 
made  for  a  moment  with  two  adjacent  bars ;  and  the  coil,  or 
section,  whose  two  ends  are  united  to  these  two  bars,  will,  for 
an  instant,  be  short-circuited.  The  effect  of  this  will  be  con- 
sidered in  dealing  with  the  reactions  in  armatures  at  a  later 
stage. 

So  far,  the  only  types  of  armature  considered  have  been 
the  "  drum  "  type,  and  the  "  ring  "  type  ;  but  these  are  not  the 
only  possible  cases.  The  object  of  all  such  combinations 
of  coils  is  to  obtain  the  practical  continuity  and  equability 
of  current  explained  above.  To  attain  this  end  it  is  needful 
that  some  of  the  individual  coils  should  be  moving  through 
the  position  of  maximum  action,  whilst  others  are  passing 
through  the  neutral  point,  and  are  temporarily  idle.  Hence, 
a  symmetrical  arrangement  of  the  individual  coils  or  groups 
of  coils  around  an  axis  is  needed ;  and  such  symmetrical 
arrangements  may  take  one  of  the  four  following  types : — 

(i)  Ring  armatures,  in  which  the  coils  are  grouped  upon 
a  ring  whose  principal  axis  of  symmetry  is  its  axis  of  rotation 
also. 

(2)  Drum  armatures,  in  which  the  coils  are  wound  longi- 
tudinally over  the  surface  of  a  drum  or  cylinder. 

(3)  Pole  armatures,  having  coils  wound  on  separate  poles 
projecting  radially  all  round  the  periphery  of  a  disk  or  central 
hub. 

(4)  Disk  armatures,  in  which  the  coils  are  flattened  against 
a  disk. 
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Ring  armatures  are  found   in   many  machines,  but  the 
ingenuity  of   inventors  has  been  exercised  chiefly  in  three 
directions  : — The  securing  of  practical  continuity,  the  avoid- 
ance of  eddy-currents  in  the   cores,  and  the    reduction   of 
useless  resistance.      In  the  greater  part  of  these  machines  the 
armatures  are  constructed  with  closed  coils  ;  but  there  is  no 
reason  why  open-coil  armatures  should  not  be  constructed  in 
the  ring  form,  as  indeed  is  the  case   with  the  well-tnown 
Brush  arc-light  dynamo.     Most  inventors  have  been  content 
to   secure    approximate   continuity   by   making   the  number 
•of   sections  numerous.      Pacinotti's   early  dynamo   had  the 
•coils  wound   between   projecting  teeth  upon    an    iron    ring. 
Gramme  rejected  these  cogs,  preferring  that  the  coils  should 
be  wound  round  the  entire  surface  of  the  endless  core.     To 
prevent  wasteful  currents  in  the  cores.  Gramme  employed 
for  that  portion  a  coil  of  varnished  iron  wire  of  many  turns. 
For  cylindrical  armatures  flat  core-disks  of  sheet  iron  are 
now  almost  universally  preferred.     For  discoidal  ring  arma- 
tures the  core   is  built  of  hoops.     The  parts  of  the  copper 
•coils  which  pass  through   the   interior  of  the  ring   are  in- 
operative in  cutting  magnetic  lines,  unless  there  are  pole- 
pieces  of  the  field-magnet  projecting  internally.      Hence,  in 
■the  ordinary  forms  of  dynamo  with  exterior  magnets,  the 
inner  parts  of  the  ring  winding  act  merely  as  conductors  and 
not  as  inductors,  and   off'er  a   certain   amount  of  wasteful 
resistance.     But  this  resistance  in  well-designed  machines  is 
insignificant  compared  with  that  of  the  external  circuit,  and 
the  disadvantage  is  largely  imaginary.     Inventors  have  essayed 
to  reduce  the  amount  of  copper,  by  either  fitting  projecting 
flanges  to  the  pole-pieces,  or  by  using  internal  magnets,  or 
•else  by  flattening  the  ring  into  a  disk  form,  so  as  to  reduce 
the  interior  parts  of  the  ring  coils  into  an  insignificant  amount. 
Indeed,  the  flat-ring  armatures  may  be   said  to  present  a 
•distinct  type   from   those   in  which   the   ring   tends  to   the 
•cylindrical  form.     In  some  large  recent  German  dynamos  the 
«ring  is  outside  the  field-magnets,  so  that  the  outer  part  of 
.the  windings  are  non-inductive  or  idle ;  and  the  currents  are 
^collected  direct  from  the  ring  by  brushes  which  trail  on  its 
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periphery.  The  various  modes  oF  winding  and  connecting 
up  the  conductors  on  an  armature  are  specially  considered  in 
■Chapter  XII.  A  finished  ring  armature  with  its  commutator 
-and  driving  pulley  Is  shown  in  Fig.  35. 

Fig.  35. 


Ring  Armatuke  op  Graume  Dvnaho  (Fuller's  Pattern]. 

Drum  armatures,  as  first  constructed  by  Siemens,  had  iron 
■cores  made  of  wire  wound  upon  an  internal  non-magnetic 
nucleus.  Weston  substituted  stamped  core-disks  of  iron  with 
teeth.     Edison,  iron  core-disks  without  teeth.     Special  modes 

Fig.  36, 


Drum  Akuatuke  (Allcbmeine  Co.'s  Pattern). 

of  winding  or  joining  the  copper  conductors  have  been  devised 
by  many  inventors.  A  complete  drum  armature  is  depicted 
'1  F'g-  36,  which  shows  the  overlapping  of  the  windings  at 
the  end  of  the  drum,  the  connexions  to  the  commutator,  and 
the  external  binding  wires  that  keep  the  coilsfrom  flying  out. 
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Pole  armatures,  having  the  coils  wound  upon  radially- 
projecting  poles  have  been  devised  by  Allan,  Lontin,  ancE 
Weston.     The  principle  of  Lontin's  machine,  in  which  the  coils. 


Simple  Pole  .Armature  showing  Connexions. 

Fig.  3S. 


Disk  Armature  of  Fritsciie  Machine^ 

are  connected  like  the  sections  of  a  Pacinotti  or  Gramme  ringv 
is  indicated  in  Fig.  37.  Here  the  diameter  of  commutatioi* 
b  parallel  to  the  polar  diameter,  because  the  number  of  lines. 
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of  force  in  this  case  is  a  maximum  in  the  coils  that  are  on 
the  right  and  left  positions.  This  armature  is  structurally  a 
difficult  one,  because  it  is  not  mechanically  strong  unless  the 
•cores  are  solid  ;  and  solid  cores  are  electrically  bad  owing  to 
their  heating.  It  is  impracticable,  too,  in  this  form  to  have 
very  many  sections,  and  the  coils  act,  by  reason  of  their 
position,  prejudicially  on  one  another.  This  form  of  armature 
is  obsolete  for  direct-current  machines. 

Disk  armatures  are  now  differentiated  into  two  kinds  :  (i) 
those  in  which  the  coils  are  grouped  on  a  number  of  small 
bobbins,  side  by  side,  an  arrangement  suitable  for  alternate 
•current  machines,  such  as  those  of  Wilde,  Siemens,  Ferranti, 
and  Mordey ;  (2)  those  in  which  the  windings  are  made  to 
overlap  over  a  considerable  angle  of  the  periphery,  as  in  the 
disk  dynamos  of  Pacinotti,  of  Rupp  and  Jehl,  of  Desroziers, 
and  of  Fritsche,  all  of  which  are  adapted  to  give  continuous 
currents.  It  is  usual,  in  the  disk  form  of  armature,  to  dispense 
with  any  iron  core,  for,  the  armature  being  thin,  can  be 
inserted  in  a  comparatively  narrow  gap  between  the  polar 
surfaces  of  the  field-magnet  A  finished  disk  armature  is 
shown  in  Fig.  38,  belonging  to  a  Fritsche  machine ;  the 
commutator  being  on  the  outside  of  the  di3k. 

Armature  Cores, 

Whenever  iron  is  employed  in  armatures,  it  must  be  slit  or 
laminated,  so  as  to  prevent  the  generation  of  eddy-currents. 
Such  iron  cores  should  be  structurally  divided  in  planes  normal 
to  the  circuits  round  which  electromotive-force  is  induced  ;  or 
should  be  divided  in  planes  parallel  to  the  lines  of  force  and 
to  the  direction  of  the  motion.  Thus,  drum  armature  cores 
should  be  built  of  discs  of  thin  sheet  iron.  Ring  armatures, 
if  of  the  cylindrical  or  elongated  type,  should  have  cores  made 
up  of  rings  stamped  out  of  sheet  iron  and  clamped  together 
side  by  side  j  but  if  of  the  flat  ring  type  they  should  be  built 
of  concentric  hoops.  Cores  built  up  of  varnished  iron  wire, 
or  of  thin  disks  of  sheet  iron  separated  by  varnish,  asbestos 
paper,  or  mica,  partially  realise  the  required  conditiou.  The 
magnetic  discontinuity  of  wire  cores  is,  however,  to  a  certain 
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extent  disadvantageous ;  it  is  better  that  the  iron  should  be- 
without   discontinuity   in  the  direction  in  which  it  is  to  be- 
magnetized.     It  should,  therefore,  be  laminated  into  sheets,, 
rather  than  subdivided  into  wires.     Pole  armatures  are  struc- 
turally unsatisfactory  unless  the  projections  which  receive  the- 
coils  are  very  short.     Cores  of  solid  iron  are  quite  inadmissible,, 
as  currents  are  generated  in  them  and  heat  them.     Cores  of 
solid  metal  other  than  iron — for  example,  of  gun-metal,  or  oF 
phosphor-bronze — should   on  no  account   be    used    in   any 
armature ;  but  the  driving  supports  are  necessarily  strong  and 
solidly  made. 

Fundamental  Points  in  Design, 

As  has  already  been  pointed  out,  the  function  of  the  field'- 
magnet  is  to  provide  a  large  number  of  magnetic  lines,  whilst 
the  function  of  the  armature  is  to  cut  the  magnetic  lines  so 
provided.  The  iron  core  inside  the  armature  may  be  r^arded^. 
therefore,  as  belonging  to  the  magnetic  circuit  of  the  field- 
magnet  ;  the  true  armature  consisting  of  the  rotating  copper 
conductors.  There  is  no  electrical  necessity  for  the  iron  core 
inside  the  armature  to  rotate  ;  indeed,  in  some  ways  it  would 
act  more  efficiently  if  it  did  not.  But  purely  mechanical 
considerations  require  that  in  both  ring  armatures  and  drum 
armatures  the  core  should  rotate  with  the  coils.  In  all 
dynamos  the  electromotive-force  is  proportional  at  every  instant 
to  the  rate  at  which  the  magnetic  lines  are  being  cut,  and  this 
will  again  be  proportional  to  three  quantities  :  (i)  the  number 
of  magnetic  lines  provided  by  the  field-magnet,  (2)  the  number 
of  copper  conductors  connected  together  upon  the  armature, 
(3)  the  speed  at  which  these  conductors  are  driven.  lit 
alternate-current  dynamos  the  rate  of  cutting  is  continually 
changing  in  a  regular  periodicity ;  in  continuous-current 
machines  .the  rate  of  cutting  is  automatically  averaged  and 
made  steady  by  the  method  of  grouping  the  conductors  around 
the  ring  or  drum  in  a  closed  circuit,  and  connecting  to  the 
commutator.  It  is  shown  later,  on  p.  211,  that,  for  continuous- 
current  dynamos  of  the  common  two-pole  ty^Cy  the  electro*- 
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motive-force  generated   in  the  revdlving  armature   may  be- 
calculated  as  follows  : — 

Let  the  speed  of  the  armature,  or  revolutions /^r  second  be 
called  n. 

Let  the  number  of  conductors  that  are  joined  in  series  with 
one  another  around  the  armature  be  called  C. 

Let  the  number  of  magnetic  lines  which  pass  through  the 
armature  core  from  side  to  side  be  called  N- 

Let  the  number  of  volts  of  electromotive-force  generated: 
by  the  rotating  armature  be  called  E. 

Then  the  following  formula  holds  good  : — 

E  =  «xCxN-f-  100,000,000. 

Example, — In  a  Kapp  djFiuuno  used  at  the  Technical  College,  Finsbury,. 
C  =  120  ;  N  =  7,170,000  ;  at  a  speed  of  780  revs,  per  min.,  or  13  revs,  per  sec, 
the  whole  electtomotive-force  generated  is  iii  volts. 

From  the  above  formula  it  will  be  seen  that  the  electro- 
motive-force at  which  any  dynamo  is  to  deliver  its  current  is  the 
product  of  three  factors ;  and  it  can  be  increased  by  increasing 
any  one  of  the  three,  or  all  of  them.     In  a  given  machine  C 
is  a  constant,  and  N»  the  magnetic  flux,  cannot  be  increased, 
beyond  the  capacity  of  the  iron  core  to  carry  magnetic  lines. 
But  if  it  is  desired  to  design  a  new  machine,  obviously  any 
value  might  be  assigned  to  any  of  the  three  factors,  provided 
the  product  came  to  the  required  amount.     It  is,  therefore,  a 
question  of  expediency  whether  in  so  designing  a  machine  we 
will  increase  any  one  of  the  factors  rather  than  any  other. 
To  increase  N  means  using  a  larger  cross  section  of  iron,  and 
a  correspondingly  big  field-magnet,   and  therefore   involves 
additional  cost  of  iron.     To  increase  C  means  increasing  the 
weight,  and  therefore  the  cost  of  the  copper  conductors,  for 
the  section  of  these  depends  on  the  current  they  have  to 
carry,  whilst  the  electromotive-force    generated  depends  on 
their  number,  and  on  the  rate  at  which  they  cut  the  magnetic 
lines.     Moreover,  experience  shows  that  in  thus  increasing 
the  quantity  of  copper  upon  an  armature  core  of  given  size 
involves,  when  once  a  certain  limit  is  reached,  the  very  serious 
difficulty  that  the  machine  cannot  be  run  without  sparking  at 
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its  brushes.  To  increase  the  speed  n  involves  mechanical 
■difficulties  about  lubrication  and  liability  of  the  parts  to  fly- 
out  ;  in  fact,  mechanical  considerations  limit  the  speed.  For 
many  years  modem  practice  has  gone  in  the  direction  of 
keeping  the  speed  slow,  and  in  keeping  down  the  relative 
amount  of  copper,  the  quantity  of  iron  being  relatively  large  ; 
for  not  only  so  is  the  total  cost  of  the  machine  less  than  it 
would  be  if  the  relative  amounts  of  copper  and  iron  were 
reversed,  but  the  expense  and  trouble  of  maintenance  is  found 
±0  be  less.  Machines  with  a  relatively  massive  and  powerful 
field-magnet  spark  less,  and  require  less  attention  to  regfulation 
and  need  fewer  renewals  of  the  brushes  and  commutator  than 
do  those  which  have  a  comparatively  weak  field-magnet  Of 
late  there  has  been  some  tendency,  however,  to  a  movement 
an  the  opposite  direction,  because  if,  by  special  designing, 
without  sacrificing  the  advantages  attained  in  the  possession 
of  a  relatively  powerful  field-magnet,  the  speed  and  the  weight 
•of  copper  on  the  armature  can  be  increased ;  the  output  of 
such  a  machine  will  be  proportionally  augmented  at  a  small 
increase  of  total  weight  and  total  prime  cost. 

For  alternate-current  machines  the  fundamental  formula 
requires  to  be  completed  by  the  introduction  of  two  additional 
factors.  Such  machines  are  usually  multj{)olar,  and  if  N 
represents  the  magnetic  flux  around  Stny  one  of  the  individual 
magnetic  circuits,  the  total  magnetic  effect  must  be  increased 
by  multiplying  by  the  number/  of  pairs  of  magnetic  poles 
that  surround  the  armature.  Further,  a  constant  k  must  be 
inserted,  the  numerical  value  of  which  (varying  from  i»8  to 
2  •  5  in  actual  machines)  depends  on  the  relative  breadths  of 
the  coils  and  pole-pieces  employed  The  general  formula  for 
the  volts  generated  in  any  alternate-current  machine  will  then 
be: — 

E  =  ifex/X;/xCx  N-4-  100,000,000. 

Example, — In  one  of  Kapp's  alternators,  ^  =  2*3;  /  =  6;  €  =  1190; 
fs|  =  i,25o,cxx>,  when  running  at  700  revs,  per  min. ;  so  that  «=if6, 
£  =  2360. 
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Methods  of  Exciting  the  Field-Magnetism. 

The  five  simple  methods  of  exciting  the  magnetism  that  is 
to  be  utilized  in  the  magnetic  field  may  be  grouped  under  two 
heads,  according  to  whether  the  armature  of  the  machine  sup- 
plies the  machine's  own  magnetism  or  whether  the  magnetism 
is  provided  for  from  some  other  source. 

Magneto-dynamo. — In  the  oldest   machines  there  was  no 
attempt  to  make  the  machine  excite  its  own  magnetism,  which 
was  provided  for  it  once  for  all 
by  the   employment  of  a  per-  Fig,  39. 

manent  magnet  of  steel.  Un- 
fortunately, the  supposed  per- 
manent magnetism  of  steel 
magnets  slowly  decays,  and  is 
diminished  by  every  mechanical 
shock  or  vibration  to  which  the 
machine  is  subjected. 

The  magneto-electric  mackme^ 
or  magneto-dynamo,  a  diagram- 
matic drawing  of  which  is  g^ven 
"1  Fig-  39.  survive;^,  indeed,  in 
numerous  small  types  of  ma- 
chines. It  has  the  serious  dis- 
advantage of  being  both  heavier 
and  bulkier  than  other  dynamos 
of  equal  capacity,  because  steel 
cannot  be  permanently  mag- 
netized to  the  same  high  degree 
as  that  to  which  wrought  iron, 

or  cast  iron,  or  even  steel  itself,  The  Magheto-dvmamo. 

can  be  temporarily  raised. 

Separately-excited  Dynamo. — It  was  an  obvious  step  to 
substitute  for  steel  magnets,  electromagnets  excited  by  means 
of  currents  from  some  independent  source  such  as  a  voltaic 
battery.  The  separately-excited  dynamo  (Fig.  40)  comes  there- 
fwe  second  in  the  order  of  development      Though  used  by 
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Faraday,  this  method  did  not  come  into  acceptance  until,  in 
1866,  Wilde  employed  a  small  auxiliary  magneto  machine 
to  furnish  currents  to  iexcite  the  field-magnets  of  a  larger 
dynamo.  The  separately-excited  dynamo,  in  common  with 
the  magneto  machine,  possesses  the  property  that,  saving  for 
reactions  due  to  the  armature  current,  the  magnetism  in  its 
field,  and  therefore  the  electromotive-force  of  the  machine,  is 


Fig.  40. 


^ 


^ y 

The  Separately-excited  Dynamo. 


independent  of  changes  of  resistance  going  on  in  the  working 
circuit 

The  dynamos  of  either  of  the  preceding  kinds  can  be 
governed,  either  by  altering  the  speed  or  by  altering  the 
amount  of  magnetism  that  passes  across  the  armature.  For 
long  it  has  been  the  fashion  to  control  the  electromotive-force 
of  magneto  machines  by  the  device  of  providing  a  movable 
piece  of  iron,  which  could  be  placed  more  or  less  over  the 
poles  of  the  field-magnet,  serving  as  a  magnetic  shunt  to 
divert  some  of  the  magnetism  from  the  armature.  In  the 
case   of  separately-excited    machines   there   are  two  other 
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methods  of  diminishing  at  will  the  effective  magnetism, 
namely  by  weakening  the  exciting  current,  for  example,  by 
introducing  more  or  less  resistance  into  the  exciting  circuit, 
or  by  altering  the  number  of  turns  of  wire  through  which  the 
existing  current  circulates  around  the  field-magnet 

The  simple  methods  of  making  dynamos  self-exciting  are 
three  in  number:  (i)  the  whole  current  from  the  armature 
may  be  carried  through  field-magnet  coils  that  are  connected 
in  series  with  the  main  circuit ;  (2)  a  portion  of  the  current 
from  the  armature  may  be  diverted  from  the  main  circuit  and 
carried  through  field-magnet  coils  of  somewhat  high  resistance 
connected  as  a  shunt ;  (3)  the  current  required  to  excite  the 
field-magnet  may  be  procured  either  from  a  second  armature 
revolving  in  the  same  field,  or  (if  the  armature  consists  of 
many  coils)  from  some  of  the  coils  of  the  armature  that  may 
be  separately  joined  up  for  that  purpose. 

Series  Dynamo, — ^The  series-wound,  or  ordinary  dynamo 
(Fig.  41),  possesses  but  one  circuit      It  has  the  disadvantage 
of  not  starting  action  until  a  certain  speed  has  been  attained, 
or,  unless  the  resistance  of  the  circuit  is  below  a  certain  limit ; 
the  machine  refusing  to  magnetize  its  own  magnets  when 
there  is  too  much  resistance  and  too  little  speed.     The  least 
speed  of  self-excitation  is  a  measure  of  the  goodness  of  the 
magnetic  circuit     Series-wound  machines  are  also  liable  to 
become  reversed  in  polarity,  a  serious  disadvantage,  and  one 
that  unfits  this  type  of  machine  for  employment  in  electro- 
plating or  for  charging  accumulators.     Any  increase  in  the 
resistance  of  the  series-wound  dynamo  lessens  its  power  to 
supply  current,  because  it  diminishes  the  current  in  the  coils 
of  the  field-magnet,  and  therefore  diminishes  the  amount  of 
the  effective  magnetism.      When  lamps  are  in  series  (as  is 
usual  in  an  arc-light  circuit)  in  the  circuit  of  a  series-wound 
dynamo,  the  switching  on  of  an  additional  lamp  both  adds  to 
the  resistance  of  the  circuit  and  diminishes  the  power  of  the 
machine  to  supply  current     On  the  other  hand,  when  lamps 
are  in  parallel  across  a  pair  of  mains  fed  by  a  dynamo,  if  that 
dynamo  is  series-wound,  the  switching  on  of  additional  lamps 
not  only  diminishes  the  resistance  of  the  circuit,  but  causes 
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the  field-magnets  to  be  further  excited  by  the  increased 
current,  so  that  the  more  lamps  are  on,  the  greater  becomes 
the  risk  of  their  getting  too  great  a  current 

Shunt  Dynamo. — In  the  shunt- wound  machine  (Fig.  42) 
the  field-magnet  is  wound  with  many  turns  of  fine  wire,  to 
receive  only  a  small  portion  of  the  whole  current  generated  in 


Fig.  41. 
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The  Sb&ies  Dynamo. 


The  Shunt  Dynamo. 


the  armature.  These  coils  are  connected  to  the  brushes  of 
the  machine,  and  constitute  a  by-pass  circuit  or  shunt  Shunt 
machines  are  less  liable  to  reverse  their  polarity  than  series 
machines.  Owing  to  the  somewhat  greater  cost  of  the  fine 
wire  of  the  shunt-coil,  they  are  slightly  dearer  in  prime  cost 
than  series  machines  of  •equal  power,  but  the  expenditure  of 
electric  energy  to  keep  up  the  magnetism  is  practically 
alike  in  both  cases.  It  requires  the  same  expenditure  of 
electric  energy  to  magnetize  an  electromagnet  to  the  same 
degree,  whether  the  coil  consists  of  many  turns  of  thin  wire 
or  of  a  few  turns  of  thick  wire,  provided  the  volume  occupied 
by  the  coil  be  alike  in  the  two  cases,  and  provided   the 
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insulation  is  relatively  of  the  same  thickness.  When  a  shunt 
machine  is  supplying  lamps  in  parallel,  the  addition  of  lamps 
which  brings  down  the  net|  resistance  of  the  circuit  will 
increase  the  current,  but  not  proportionally,  for  when  the 
resistance  of  the  main  circuit  is  lowered,  a  little  less  current 
goes  round  the  shunt  and  the  magnetism  drops  a  trifle  ; 
nevertheless,  such  a  machine  may  regulate  itself  tolerably  well 
if  the  internal  resistance  of  its  armature  is  very  small.  For  a 
set  of  lamps  in  series,  the  power  of  a  shunt  dynamo  to 
supply  the  needful  current  increases  with  the  demands  of  the 
circuit,  since  any  added  resistance  sends  additional  current 
round  the  shunt  in  which  the  field-magnets  are  placed,  and 
so  makes  the  magnetic  field  more  intense.  On  the  other 
hand,  there  is  a  greater  sensitiveness  to  inequalities  of  driving, 
in  consequence  of  the  great  self-induction  in  the  shunt ;  and 
for  machines  giving  high  voltage  shunt  winding  is  too  costly. 
The  shunt  part  of  the  circuit  in  the  present  case  consists  of 
a  fine  wire  of  many  turns  wound  upon  iron  cores.  It  there- 
fore has  a  much  higher  coefficient  of  self-induction  than 
the  rest  of  the  circuit ;  and,  consequently,  any  sudden  varia- 
tions in  the  speed  of  driving  cannot  but  affect  the  current  in 
the  main  circuit  more  than  in  the  shunt.  Briefly,  the  shunt 
winding,  though  it  st^^adtes  the  current  against  perturbations 
due  to  changes  of  resistance  in  the  circuit,  does  not  steady  the 
current  against  perturbations  due  to  changes  in  speed  of 
driving.  The  electromotive-force  of  the  shunt  machine  can  be 
controlled  by  introducing  a  variable  resistance  into  the  shunt 
circuit 

A  variety  of  the  shunt  method  involves  the  use  of  a  third 
brushy  placed  against  the  commutator  at  some  point  inter- 
mediate between  the  points  of  highest  and  lowest  potential. 
The  ends  of  the  exciting  coil  are  connected  to  the  third  brush 
and  to  one  of  the  ordinary  brushes,  so  that  the  exciting  coil 
receives  a  fraction  of  the  volts  generated  in  the  armature. 

Separate^circuit  Self-exciting  Dynamo. — There  is  yet  the 
third  species  (Fig.  43)  of  self-exciting  machine,  in  which  the 
field-magnet  coils  are  arranged  to  form  part  of  a  circuit  entirely 
separate  from  the  main  circuit,  but  are  supplied  with  currents 
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from  coils  rotating  in  the  field.  There  are  two  ways  of 
carrying  this  into  effect:  (i)  a  second  armature  may  be  made 
to  rotate  between  the  same  field-magnets  in  order  to  supply 
the  exciting  current,  each  armature  having  its  own  commutator; 
machines  on  this  plan  were  devised  by  Ladd^  and  by  O.  and 
F.  H.  Varley^  ;  (2)  a  few  of  the  armature  coils  may  be  con- 
nected up  separately  to  a  special  commutator  to  supply  an 
exciting  current      Such  systems  were  devised   by  Wilde, 

Fig.  43. 


Separate-circuit  Self-exciting  Dynamo. 


Holmes,  and  Lontin,  about  the  year  1868  or  1869,  in  order  to 
make  their  alternate-current  machines  excite  themselves* 
Holmes  described  a  machine  having  twenty  helices  in  the 
armature,  ten  of  which  supplied  alternate  currents  to  the  lamps, 
whilst  the  remaining  ten,  or  any  part  of  them,  could  be  so 
connected  up  through  a  special  commutator  as  to  supply  the 
exciting  current  to  the  field-magnets.  Ruhmkorff  attained  the 
same  end  by  winding  a  second  wire  upon  the  Siemens 
(shuttle-wound)  armature,  which   then  was  provided  with  a 

'  PhU,  Mag,t  xxxiii.  544,  1867.        '  Specification  of  Patent,  2525  of  1S69. 
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commutator  at  each  end.  Winkler's  dynamo  ^  is  internally 
self-excited  by  a  second  separate  winding.  The  effect  of  the 
separate-coil  method  of  excitation  is  almost  identical  with  that 
of  the  shunt  method,  but  it  has  the  advantage  that  the  current 
thus  taken  off  for  magnetizing  may  be  taken  at  a  low  voltage  ; 
this  being  preferable  in  the  case  of  machines  for  high  voltages. 
For  machines  working  at  1000  volts  and  over,  the  cost  of  the 
fine  wire  for  winding  a  shunt  would  be  prohibitive. 

Any  of  the  five  systems  enumerated  may  be  applied  in 
direct-current  machines.  For  alternate-current  machines, 
neither  series  winding  nor  shunt  winding  is  applicable.  Each 
of  these  five  systems  of  exciting  the  field-magnetism  has  its 
own  merit  for  special  cases,  but  none  of  them  is  perfect.  Not 
one  of  these  methods  will  ensure  that,  with  a  uniform  speed 
of  driving,  either  the  electric  pressure  at  the  terminals  or  the 
current  shall  be  constant,  however  the  resistances  of  the  circuit 
are  altered. 

If  all  the  lamps  in  the  circuit  of  a  dynamo  were  required 
to  be  kept  alight,  all  being  turned  on  and  turned  off  at  once — 
in  other  words,  if  the  output  of  the  machine  were  constant — 
it  would  matter  little  how  the  magnetism  of  the  field-magnet 
was  excited,  whether  in  main  circuit  or  in  shunt,  provided  the 
speed  were  kept  constant  But  for  systems  with  a  variable 
number  of  lamps,  none  of  the  simple  methods  of  excitation 
enumerated  above  will  insure  regularity  of  pressure  in  the 
electric  supply. 

But  though  theory  tells  us  that  none  of  these  systems  is 
perfiect,  theory  does  not  leave  us  without  a  guide.  Thanks  to 
various  inventors,  we  have  been  taught  how  to  combine  these 
methods  so  as  to  secure  in  practice  a  machine  which  shall, 
when  driven  at  a  constant  speed,  give  out  its  current  at  a 
constant  pressure.  These  methods  are  carefully  developed  in 
Chapter  XI.  They  are  briefly  described  here  also,  so  as  to 
complete  our  summary  of  the  methods  of  exciting  the  field- 
m^nets. 

*  Electrical  Worlds  xvii.  455,  1891. 
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Combination  Methods. 

The  discovery  of  the  method  of  rendering  a  dynamo 
machine  automatically  self-reglilating  when  driven  at  a  uni- 
form speed,  IS  due  to  M.  Marcel  Deprez,  and  is  a  result 
arising  from  the  study  of  the  diagrams  of  the  characteristic 
curves  of  dynamos.^  There  are  two  distinct  cases  for  which 
self-regulation  is  required. 

As  the  first  function  of  a  dynamo  in  practice  is  to  feed  with 
sufficiency  and  regularity  a  system  of  lamps,  and  as  those 
lamps  are  usually  in  practice*  arranged  either  in  parallel  or  in 
series,  it  is  clear  that  in  the  former  case  a  constant  electric 
pressure  or  ^*  difference  of  potentials*'  between  the  mains,  and 
in  the  latter  a  constant  current  is  required. 

Suppose  a  dynamo  to  have  an  armature,  without  demag- 
netizing reactions,  of  zero  internal  resistance,  and  to  have  its 
field-magnets  excited  from  some  independent  constant  source. 
At  a  constant  speed  it  would  give  a  constant  potential  at  its 
terminals  whatever  the  resistance  in  the  circuit  But  if  it  has 
internal  resistance,  the  external  pressure  will  be  less  than  the 
whole  electromotive-force,  and  the  -discrepancy  will  be  greater 
according  as  the  internal  resistance  and  the  current  are 
greater.  Any  resistanceless,  separately-excited,  or  shunt 
dynamo  would  thus  be  self-regulating. 

Now  it  is,  we  know,  impossible  to  have  an  armature 
the  resistance  of  which  is  zero.  But  if,  knowing  the  re- 
sistance of  the  armature  of  our  dynamo,  we  find  out  what 
additional  magnetizing  power  is  necessary  to  increase  the 
working  electromotive-force  of  the  dynamo,  so  that  the  net§ 
electromotive-force  (after  discounting  the  part  needed  to 
overcome  the  intetnal  resistance)  shall  be  constant,  and  then, 

*  See  Im  LumUre  EUctriqtu^  Dec.  3,  1881 ;  and  Jan.  5,  18S4. 

*  Occasionally  incandescent  lamps  are  arranged  with  two,  three,  or  more  lamps 
in  series,  a  number  of  such  series  being  united  in  parallel  across  mains  that  are  kept 
at  a  constant  pressure.  Less  frequently  a  few  lamps  all  in  parallel  with  one  another 
are  inserted  in  the  circuit  of  a  series  of  arc  lamps  through  which  a  current  of 
constant  strength  is  maintained.  In  any  case,  distribution  must  fall  under  one  or 
other  of  the  two  cases  considered. 
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having  found  it  out,  provide  fc^  this  variable  part  of  the  mag- 
netization by  putting  on  coils  in  series,  our  dynamo  thus  rein- 
forced will  act  as  if  it  had  no  internal  resistance,  and  will  give, 
within  certain  limits,  a  constant  difference  of  potentials  at  its 
terminals. 

For  distribution  at  a  constant  pressurCy  we  must  have, 
therefore,  dynamos  in  which  there  is  a  combination  of  series 
coils  with  some  auxiliary  independent  constant  excitation. 

On  the  other  hand,  if  a  shunt  dynamo  were  constructed, 
with  an  armature  of  considerable  resistance,  the  electromotive- 
force  which  it  would  develop  at  a  constant  speed,  would  be 
nearly  proportional  to  the  external  resistance,  for  doubling 
the  external  resistance  would  very  nearly  double  the  propor- 
tion of  current  thrown  round  the  shunt,  and  therefore  (always 
assuming  the  iron  cores  to  be  far  from  saturation)  the  magne- 
tism of  the  field-magnet  would  be  doubled ;  in  other  words, 
there  would  be  an  approximately  constant  current  In  this 
case,  a  high  internal  resistance  in  the  armature  would  not  be 
economical,  and  the  output  of  the  machine  would  be  very 
small  in  proportion  to  its  weight ;  moreover,  its  magnetic  state 
would  be  one  of  great  instability.  Consequently,  it  has  been 
hitherto  found  impracticable  to  devise  any  mode  of  compound 
winding  which  will  be  self-regulating  for  a  constant  current. 
Other  modes  of  regulation  are  resorted  to  in  the  case  of 
machines  for  arc-lighting  for  which  a  constant  current  is 
needed.   These  are  considered  in  Chapters  XVII,  and  XXVII. 

Combinations  to  give  Constant  Pressure. 

(i)  Series  and  Separate  {Deprez). — This  method,  illus- 
trated in  Fig.  44,  can  be  supplied  to  any  series  dynamo, 
provided  the  coils  are  such  that  a  separate  current  from  an 
independent  source  can  be  passed  through  a  part  of  them,  so 
that  there  shall  be  an  initial  magnetic  field,  independent  of 
the  main-circuit  current  of  the  dynamo.  When  the  machine 
is  running,  the  electromotive-force  producing  the  current  will 
depend  partly  on  this  independent  excitation,  partly  on 
the  current's  own   excitation  of  the  field-magnets.       If  the 
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machine  be  run  at  such  a  speed  that  the  quotient  of  the  part 
of  the  electromotive-force  due  to  the  self-excitation,  divided 
by  the  strengfth  of  the  current,  is  numerically  equal  to  the 
internal  resistance  of  the  machine,  then  the  electromotive- 
force  in  the  circuit  will   be  constant,  however  the  external 


Fig.  44. 


^ 


>^ y 

Combination  of  Series  and  Separate. 


resistances  are  varied.  M.  Deprez  has  further  shown  that 
this  velocity  can  be  deduced  from  experiment,  and  that,  when 
the  critical  velocity  has  once  been  determined,  the  machine 
can  be  adjusted  to  work  at  any  desired  electromotive-force 
by  varying  the  strengfth  of  the  separately-exciting  current 
to  the  desired  degree. 

(2)  Series  and  Magneto  {Perry), — The  initial  electro- 
motive-force in  the  circuit  required  by  Deprez's  theory,  need 
not  necessarily  consist  in  there  being  an  initial  magnetic  field 
of  independent  origin.  It  is  true  that  the  addition  of  a  per- 
manent magnet,  to  give  an  initial  partial  magnetization  to  the 
pole-pieces  of  the  field-magnets,  would  meet  the  case  to  a 
certain  extent;  but  Professor  Perry  has  adopted  the  more 
general  solution  of  introducing   into  the  circuit  of  a  series 


Physical  Theory  of  Dynanto- Electric  McLchines.     59 

dynamo  a  separate  magneto  machine,  also  driven  at  a 
uniform  speed,  such  that  it  produces  in  the  circuit  a  con- 
stant electromotive-force  equal  to  that  which  it  is  desired 
should  exist  between  the  leading  and  return  maina 

This  arrangement  may  be  varied  by  using  a  shunt-wound 
exciter,  the  magnets  being,  as  before,  included  in  the  part  of 
the  circuit  outside  the  machine.  The  combination  of  a 
pemianent  ms^et  with  electromagnets  in  one  and  the  same 
machine,  is  much  older  than  the  suggestions  of  either  Deprez 
or  Perry,  having  been  described  hy  Hjorth  in  1854- 

(3)  Series  and  Shunt — ^A  d3mamo  having  its  coils  wound, 
as  in  Fig.  45,  so  that  the  field-magnets  are.  excited  partly  by 


Fig.  45. 


v^ ^ 

Series  and  Shunt. 


the  main  current  partly  by  a  current  shunted  across  the 
brushes  of  the  machine,  has  been  used  for  some  years  past. 
An  arrangement  used  by  Brush^from  1878  made  the  machine 

'  The  shunt  part  of  the  circuit,  originally  called  the  "  teazer,"  was  adopted  at 
first  in  machines  for  electro-plating,  with  the  view  of  preventing  a  reversal  of  the 
canent  by  an  inversion  of  the  magnetization  of  the  field-magnets,  \  but  was 
retained  in  some  other  patterns  of  machine  on  accomit  of  its  usefulness  in  "  steady- 
ing* the  current. 
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into  one  that  was  very  nearly  self-regulating,  there  being  less 
than  one  volt  of  variation  in  the  pressure  within  a  wide  range 
of  current.  If  the  shunt  coils  be  comparatively  few,  and  of 
high  resistance,  so  that  their  magnetizing  power  is  small, 
the  machine  will  give  approximately  a  uniform  pressure 
of  but  few  volts ;  whereas,  if  the  shunt  be  relatively  a  powerful 
magnetizer,  as  compared  with  the  few  coils  of  the  main  circuit, 
the  machine  will  be  adapted  for  giving  a  constant  pressure 
of  a  great  number  of  volts ;  but,  as  before,  each  case  will 
correspond  to  a  certain  critical  speed,  depending  on  the 
arrangements  of  the  machine.  The  arrangement  with  shunt 
and  series  coils  is  commonly  known  as  a  compound  winding. 

(4)  Series  and  Long  Shunt — In  1882  the  author  proposed 
to  give  this  name  to  a  combination  closely  resembling  the  pre- 


FiG.  46. 


V. ... 

Series  and  Long  Shunt. 


ceding,  which  had  not  then,  so  far  as  he  was  aware,  been 
actually  tried  for  this  purpose,  though  it  had  been,  like  the 
preceding,  described  by  Brush.  If,  as  in  Fig.  46,  the  magnets 
are  excited  partly  in  series,  but  also  partly  by  coils  of  finer 
wire,  connected  as  a  shunt  across  the  whole  external  circuity  then 
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the  combination  should  be  more  applicable  than  the  preceding 
to  the  case  of  a  constant  electromotive-force,  for  the  current 
through  the  long-shunt  winding  will  be  more  constant  than 
that  through  a  short  shunt  connected  across  the  brushes. 

In  1882  it  was  the  author's  opinion  that  although  the  last 
two  combinations  were  not  such  perfect  solutions  of  the 
problem  as  those  which  precede,  they  were  more  likely  to  find 
an  immediate  application,^  since  they  can  be  put  into  practice 
upon  any  ordinary  machine,  and  do  not  require,  as  in  the 
first  two  combinations,  the  use  of  separate  exciters,  or  of  in- 
dependent magneto  machines.  This  opinion  has  been  fully 
justified  in  the  great  progress  made  subsequently  in  the 
** compound"  self-regulating  machines. 

(S)  Series  and  Separate-Coil. — This  method  has  not,  ap- 
parently, been  tried  for  direct-current  dynamos.  For  alternate- 
current  dynamos  a  modification  of  it  has  been  tried  by 
Zipemowsky  with  success,  the  **  series  "  or  main-circuit  excita- 
tion being,  in  this  case,  replaced  by  an  excitation  derived 
from  the  main  circuit  by  means  of  a  small  transformer.  This 
system  is  explained  in  Chapter  XXV. 

^  The  inrention  of  the  "series  and  shunt "  winding  is  claimed  for  several 
rivals.  Brush  undoubtedly  first  used  it  commercially,  but  whether  with  any 
knowledge  of  all  its  advantages  is  doubtful.  It  has  also  been  claimed  by  Mr. 
S.  A.  Valley  on  the  strength  of  the  machine  described  in  his  patent  specification, 
^oi  4905  of  1876,  in  which  there  were  two  circuits  both  of  different  resistance, 
both  having  coils  wound  on  the  field-magnets,  and  both  going  to  the  lamp.  He 
bas  obtained  a  decision  in  the  Scottish  law  courts  that  this  strange  arrangement 
anticipated  that  described  by  Brush.  Compound  winding  was,  however,  de- 
scrib«l  in  1871  by  Sinsteden,  in  Pogg,  Annalen  (Supplement- Band^  v.),  651.  It 
was  mentioned  as  having  some  advantages  by  Sir  C.  W.  Siemens  in  Philosophical 
TransaeiumSf  March  1880.  It  is  also  daimed  for  Lauckert  (see  note  by 
M.  Boistel,  p.  100  of  his  translation  of  first  edition  of  this  work) ;  Paget  Higgs 
[EUeirkal  Review^  xi.  280,  and  Electrician^  Dec.  23,  1882) ;  J.  W.  Swan, 
see  Bosanquet  («^.,  Dec.  9,  1882) ;  J.  Swinburne  (ib.y  Dec  23,  1882) ;  S. 
Schuckert  (ii^.,  Oct  13,  1883}.  It  is  daimed  in  America  by  Edison ;  and  it 
hss  been  patented  by  Messrs.  Crompton  &  Kapp  (ib,^  June  9,  1883).  See  also 
Hospitaller  {V JSUctricien^  No.  20,  1882).  Students  should  also  consult  a  series 
of  articles  in  Tlhe  Electrician^  vol.  z.,  beginning  Dec.  16,  1882,  by  Mr.  Gisbert 
l^pp.  Further,  they  should  see  a  paper  by  Dr.  Louis  Bell  in  the  Electrical 
World,  xvi.  383,  1891. 
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CHAPTER  IV. 

ACTIONS  AND  REACTIONS  IN  THE  ARMATURE. 

In  this  chapter  we  shall  deal  mainly  with  continuous-current 
dynamos  with  annatures  of  either  ring  or  drum  type,  and 
having  a  simple  magnetic  Eeld  such  as  is  furnished  by  the 
two-pole  field-magnet  so  common  in  machines  of  this  class. 

For  the  sake  of  clearness  we  will  suppose  the  armature 
(as  viewed  from  the  end  to  which  the  commutator  is  afBxed), 
to  be  rotating  right-handedly ;  and  we  will  further  suppose 
that  the  north-pole  of  the  6eld-magnet  is  situated  on  the  right 
hand,  as  in  Figs.  39  to  46,  so  that  the  magnetic  lines  pass 
through  the  armature-core  from  right  to  left.  We  shall  further 
suppose  that  the  coils  on  the  armature-cores  are  wound  right- 
handedly.  Taking  this  as  a  standard  case  it  ts  afterwards 
very  easy  to  see  how  a  change  in  any  one  of  these  conditions 
will  affect  the  induction  of  electromotive-force. 

In  Fig.  47  these  points  are  illustrated  by  an  end-view  of  a 

Fic.  47- 


EKD-TIIW  of  AUtATlTRE  BBTWEIN  TWO-FOLB  FlKLD-MAGNET. 

ring-armaturc.  The  magnetic  lines  proceeding  from  the 
N-poIe  will  cross  the  adjacent  gap-space  from  right  to  left, 
and  enter  the  iron  core  of  the  armature  ;  traversing  this  (as 
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in  Fig.  48),  they  will  then  cross  the  other  gap-space  on  the 
left  and  enter  the  5-pole  of  the  field-magnet  The  copper 
wires  or  conductors  of  the  armature  as  each  rises  successively 
in  the  left-hand  gap  will  cut  these  magnetic  lines.  Each 
conductor  will  emerge  at  the  top  of  the  gap,  will  move  over 
the  highest  part  of  the  armature  from  left  to  right,  and  in 
descending  the  gap-space  on  the  right  will  again  cut  the 
magnetic  lines.     If  we  now  apply  the  rule  laid  down  on  p.  22, 

Fig.  48. 


Magnbtic  Links  op  Two-pole  Dy»AM07(UNDiSTURBED  by  any  Curkent 
IN  Armatuke). 

we  shall  find  that  the  directions  of  the  induced  electromotive- 
forces  in  these  rotating  conductors  will  be  as  follows  : — In  all 
the  conductors  as  they  ascend  through  the  left-hand  gap- 
space,  the  direction  of  the  induced  electromotive-force  is 
toward  the  observer — whilst  in  all  those  that  are  descending 
the  other  gap-space  on  the  right  the  induced  electromotive- 
forces  will  be  directed  ^(W*  the  observer.  If  we  assume  that 
these  electromotive-forces  are  actually  producing  currents,^ 
■  Id  all  dyDainiM,  when  used  as  gtneraUrs,  the  cnrrents  being  set  up  by  the 
electnmM>ti*»-forcc>  are  of  conrse  in  the  tame  <&-eeHett  is  the  electrooiative-rorces 
which  impel  them.  But  it  mwt  be  remembeied  that  in  the  case  of  machines  that 
ue  lued  M  nulOTt  the  cuirenti  are  being  tent  in  bj  superior  electromotive-forces 
(rom  outside,  and  that  the  induced  electromotive-forces  in  the  motel's  armature, 
aie  alwayt  in  an  offetUe  dirtttioii  to  tliat  of  the  cntrent  that  is  flowiDg. 
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then  we  may  say  that  the  currents  flow  toward  the  observer 
in  ^he  conductors  which  are  rising  in  the  left  gap-space  ;  and 
fr#n  the  observer  in  those  that  are  descending  the  right  gap- 
space.  If  the  armature  is  wound  as  a  ring,  the  currents  which 
come  in  one  direction  in  the  gap-space  return  in  the  other 
•direction  down  the  inside  of  the  ring.  If  the  armature  is 
wound  as  a  drum,  then  the  currents  simply  cross  at  the  end 
of  the  core  through  coftnecting  conductors  provided  for  the 
purpose. 

Now  consider  the  way  in  which  the  coils  on  the  armature 
are  connected  together.  Whether  wound  as  ring  or  drum 
they  are  grouped  symmetrically  around  a  symmetrical  core, 
and  united  together  into  one  closed  coil ;  whilst  at  regular 
intervals  along  the  windings,  connecting  pieces  lead  down  to 
the  separate  bars  of  the  commutator.  Fig.  34,  p.  40,  shows  a 
simple  ring-winding,  consisting  of  32  turns  of  wire  grouped  in 
eight  "sections"  or  groups,  each  consisting  of  four  turns. 
The  end  of  each  section  is  joined  to  the  beginning  of  the 
next,  all  the  way  round.  There  are  eight  bars  in  the  commu- 
tator, and  each  section  of  the  winding  is  connected  down  at 
its  ends  to  two  adjacent  bars  of  the  commutator.  In  Fig.  34, 
the  brushes  are  represented  as  making  contact  respectively 
with  the  highest  and  lowest  bars  of  the  commutator.  As  the 
windings  on  the  ring  are  right-handed  a  little  consideration 
will  show,  in  accordance  with  the  preceding  paragraphs,  the 
induced  currents  in  the  ascending  windings  on  the  left-hand 
half  of  the  ring  will  all  be  climbing  from  the  lowest  point  to 
the  highest ;  and  also  the  currents  in  the  right-hand  half  of 
the  ring  will  also  be  climbing  from  the  lowest  point  to  the 
highest.  These  two  currents  will  unite  at  the  top  bar  of  the 
commutator,  and  will  flow  together  into  the  upper  brush 
(which  will  accordingly  be  deemed  the  positive  brush),  and 
thence  will  go  to  supply  the  external  circuit ;  after  which  the 
current  will  return  to  the  lower,  or  negative  brush,  and  will 
there  re-enter  the  armature  at  the  lowest  bar  of  the  commu- 
tator, dividing  again  into  two  parts  and  flowing  up  the  two 
halves  of  the  winding  as  before.  If  the  conductors  on  the 
armature  were  wound  (or  connected)  left-handedly,  the  lower 
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brush  would  be  the  positive  one,  and  the  upper  the  negative. 
AH  the  preceding  argument  would  equally  apply  to  a  drum- 
winding,  but,  owing  to  the  overlapping  of  the  two  halves  of 
the  windings,  the  paths  of  the  current  would  not  be  quite  so 
obvious. 

It  will  be  noted  that  the  current  after  having  entered  the 
armature  coils  and  divided  into  its  two  paths  goes  from  section 
to  section  without  going  down  into  any  of  the  commutator 
bars  until  both  streams  unite  at  the  other  side  and  pass  down 
into  the  bar  of  the  commutator  which  is  for  the  moment 
passing  under  the  brush.  At  those  moments  when  one  of  the 
commutator  bars  is  just  leaving  contact  with  a  brush,  and 
another  one  is  coming  into  contact  with  it,  the  brush  will  rest 
on  two  adjacent  bars  and  will  momentarily  short-circuit  one 
section  of  the  coils.  While  this  lasts  the  two  streams  that  come 
through  the  two  halves  of  the  winding  will  flow  respectively 
to  the  two  bars  of  the  commutator,  and  will  thus  unite  by 
both  flowing  into  the  same  brush. 

It  is  evident  that  if  the  magnetic  lines  in  the  gap-space 
are  more  closely  crowded  together  in  one  part  than  in  another, 
the  electromotive-forces  induced  in  the  separate  windings  as 
they  cut  these  magnetic  lines  will  be  of  unequal  amount ;  the 
greatest  electromotive-force  being  generated  in  those  con- 
ductors which  are  passing  through  that  part  of  the  magnetic 
field  where  the  lines  are  crossing  the  gap  most  densely.  But 
whatever  the  electromotive-forces  are  in  the  individual  con- 
ductors, since  these  are  all  united  together  end  to  end,  it  will 
be  obvious  that  the  total  electromotive-force  of  either  half  of 
the  winding,  from  brush  to  brush,  will  be  the  sum  of  the 
electromotive-forces  in  the  separate  coils.  As  this  is  a  point 
of  importance  it  must  be  followed  out  with  some  care. 

Induction  in  a  Uniform  Horizontal  Magnetic 

Field. 

In  considering  the  case  of  an  ideal  simple  dynamo,  it  was 
shown  that  the  induction  in  the  rotating  loop  or  coil  was  zero 
at  the  position  where  it  lay  in  the  diameter  of  commutation, 
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and  that  the  induction  increased  (as  the  sine  of  the  angle)  to 
its  maximum  value  at  about  90°  (see  Fig.  18,  p.  32).  This  is 
of  course  true  for  the  ideal  case  of  the  magnetic  lines  going 
straight  across  horizontally  with  equal  density  everywhere. 
In  actual  dynamos  the  distribution  of  magnetic  lines  in  the 
gap  is  different,  not  always  symmetrical,  as  we  shall  see. 
Returning  to  the  ideal  case.  Fig.  49,  which  presents  a  cur\-e 

Fig.  49. 


Curve  of  Induced  Electromotive-force. 

of  sines,  will  serve  to  represent,  by  the  height  of  the  curve, 
the  amount  of  induction  going  on  in  an  armature  at  every  10° 
round  the  circle.  If  there  are,  for  example,  thirty -six  sections 
in  a  ring  armature,  so  that  the  sections  are  spaced  out  at  10° 
apart,  the  least  active  sections  will  be  those  at  o®  and  180°, 
whilst  the  most  active  are  those  at  90°  and  270°.  But  in  all 
the  ordinary  "closed-coil"  armatures,  the  separate  sections 
are  connected  together  so  that  any  electromotive-force  induced 
in  the  first  section  is  added  on  to  that  induced  in  the  second, 
and  that  in  the  third  is  added  to  these  two,  and  so  on  all 
the  way  round  to  the  brush  at  the  other  side.  The  separate 
electromotive-forces  are  added  together  just  as  are  the 
separate  electromotive-forces  of  a  battery  of  voltaic  cells 
united  in  series.  A  ring  of  battery  cells  united  in  series, 
but  having  one-half  the  cells  set  so  that  the  current  in 
them  tends  to  run*the  other  way  round  the  ring,  forms  a  not 
inapt  illustration  of  the  inductions  in  the  sections  of  a  ring 
armature.     If  it  could  be  indicated  that  those  sections  which 
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are  at  90**  from  the  brushes  are  much  more  powerful  in  their 
inducing  effect  than  those  that  occupy  positions  near  the 
bnishes,  the  analogy  would  be  still  more  perfect.^ 

Now,  knowing  how  the  induction  in  individual  coils  or 
sections  rises  and  falls  round  the  ring,  let  us  inquire  what  this 

Fig.  50. 


Fig.  51. 


Ring  op  Cells  :  the  Two  Halves  in  Parallel. 

will  result  in  when  we  add  up  the  separate  electromotive- 
forces,  so  as  to  find  the  total  effect.  Wc  shall  have  to  add]up 
the  effects  of  all  the  sections  round,  from  the  negative  brush 
at  0®  on  one  side,  to  the  positive 
brash  at  1 80°  on  the  other  side : 
and  the  result  will  be  the  same  in 
each  half  of  the  ring,  because  of 
symmetry.  Suppose  we  take  the 
side  from  0°  by  90"*  to  180°  (on  the 
left  in  Figs.  20  and  47).  If  we 
look  at  the  curye  given  above 
(Fig.  49),  we  shall  see  that  as  the 
heights  of  the  dotted  lines  repre- 
sent the  amount  of  induction,  the 
total  effect  will  be  got  by  adding 
up  the  lengths  of  all  those  from 
0^  to  180® ;  and  of  course,  the  sum 
is  equal  to  the  sum  of  the  negative 

lengths  between  180°  and  360°.     But  we  may  do  the  thing  in 
another  way,  which  beside  giving  us  the  final  total,  will  show 

'  In  Fig.  50  the  middle  cells  of  each  row  are  drawn  larger  to  suggest  this  ; 
onlj,  onfortimately,  large  cells  do  not  possess  a  higher  electromotive-force  than 
small  ones,  though  they  have  less  resistance  internally. 

F   2 
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us  how  the  sum  grows  as  each  length  is  successively  added 
on.  We  should  find  that  the  sum  grew  slowly  at  first,  then 
rapidly,  then  slowly  again  as  it  nearcd  its  highest  valu^.  The 
sum  of  the  effects  would  grow,  in  fact,  in  a  fashion  repre- 
sented on  a  reduced  scale  in  the  curve  of  Fig.  51.  This 
process  of  adding  up  a  continuously-varying  set  of  values 
is  called  by  mathematicians  integrating.  Fig.  51  is  got  by 
integrating  the  values  of  the  curve  Fig.  49  between  the  limits 
of  0°  and  180°.  Now  in  the  actual  dynamo  this  integration 
is  effected  by  the  very  nature  of  things,  in  consequence  of  the 
fact  that  each  section  is  united  to  those  on  either  side  of  it 

It  is  possible  to  investigate  by  experiment  both  these 
effects ;  ^  the  induction  in  the  individual  coils,  and  the  total  or 
integrated  potential.  Several  methods  have  been  suggested 
for  measuring  the  electromotive-forces,  and  as  each  has  some 
advantages,  they  will  be  separately  described. 

S,  P.  Thompsoris.  Method. — The  electromotive-force  in- 
duced in  a  single  section  as  it  passes  any  particular  position, 

may  be  examined  by  means  of  a 
FiG.j2^  voltmeter     or     potential-galvano- 

meter in  the  following  way.  Two 
small  metal  brushes  are  fixed  to  a 
piece  of  wood  at  a  distance  apart 
equal  to  the  width  between  two 
consecutive  bars  of  the  commu- 
tator. These  brushes  are  united 
by  wires  to  the  voltmeter  termi- 

^^ZvL^ror^'ll    n^«.  ^  that    any    difference    of 

potentials  between  them  will  be 
indicated  on  the  dial  of  the  instrument.  The  two  brushes  are 
placed  against  the  collector,  as  shown  in  Fig.  52,  while  it 
rotates  ;  and  as  they  can  be  applied  at  any  point,  they  will 
give  on   the  voltmeter  an   indication  which  measures  the 

*  For  some  investigations  made  by  the  author,  the  reader  is  referred  to  the 
Author's  Cantor  Lectures  delivered  in  1883  before  the  Society  of  Arts,  and  which 
are  also  described  in  the  earlier  editions  of  this  book.  The  reader  should  refer  to 
curves  of  induction  obtained  by  Gaugain  (see  Annales  de  Ckimie  et  de  Fkysi^ue^ 
1873),  and  by  Isenbeck  (see  Eldttrottchnische  Zeitschrift^  Aug,  l883). 


Actions  and  Reactions  in  the  Armature.  69 

amount  of  electromotive-force  in  that  section  of  the  armature 
which  is  passing  through  the  particular  position  in  the  field 
corresponding  to  the  position  of  the  contacts.  The  author 
founds  in  the  case  of  a  small  Siemens  dynamo  which  he 
examined,  that  the  difference  of  potential  indicated  was  almost 
nil  at  the  sections  close  to  the  proper  brushes  of  the  machine, 
and  was  a  maximum  about  half-way  between.  In  fact,  the 
difference  of  potentials  rose  most  markedly  at  90°  from  the 
usual  brushes,  or  precisely  in  the  region  where,  as  seen  in 
^^'  49f  the  induction  is  theoretically  at  its  highest  point,  and 
where,  as  seen  in  Fig.  51,  the  slope  of  the  curve  of  total 
potential  is  greatest. 

Method  of  Shifting  Armature. — ^After  the  experiment 
above  detailed,  the  author  experimented  on  his  Siemens 
dynamo  in  another  way.  The  machine  was  dismounted,  and 
its  field-magnets  separately  excited.  Two  consecutive  bars 
of  the  commutator  were  then  connected  with  a  reflecting  gal- 
vanometer having  a  moderately  heavy  and  slow-moving 
needle.  A  small  lever  clamped  to  the  commutator  allowed 
the  armature  to  be  rotated  by  hand  through  successive  angles 
equal  to  10°  there  being  thirty-six  bars  to  the  commutator. 
The  deflections  obtained,  of  course  measured  the  intensity  of 
the  inductive  effect  at  each  position.  The  result  confirmed 
those  obtained  by  the  method  of  the  two  wire  brushes. 

Mordey's  Method. — The  rise  of  the  totalized  {i.e.  "in- 
tegrated") potential  round  the  armature  can  be  measured 
experimentally  by  a  method  first  suggested  by  Mr.  W.  M. 
Mordey,  and  also  involving  the  use  of  a  voltmeter.  One 
terminal  of  a  voltmeter  was  connected  to  one  of  the  brushes, 
A,  of  the  dynamo  (Fig.  53),  and  the  other  terminal  was  joined 
by  a  wire  to  a  small  pilot  brush,  /,  which  could  be  pressed 
against  the  rotating  collector  at  any  desired  part  of  its  cir- 
cumference. In  a  well-arranged  continuous-current  dynamo 
thus,  if  one  measures  the  difference  of  potential  between  the 
n^ative  brush  and  the  successive  bars  of  the  commutator, 
one  finds  that  the  potential  increases  regularly  all  the  way 
round  the  armature,  in  both  directions,  becoming  a  maximum 
at  the  opposite  side  where  the  positive  brush  is.     Mr.  Mordey 
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found  that  this  distribution  is  irregular  in  badly  designed 
machines. 

The  author  then  made  the  suggestion  that  these  indica- 
tions  might  with  advantage   be  plotted  out  round  a  circle 

Fig.  53. 


MoRDEY*s  Method  of  £xploring  the  Potentials  around  the 

Commutator. 

corresponding  to  the  circumference  of  the  commutator. 
Figs.  54  and  55,  which  are  reproduced  from  his  Cantor 
Lectures,  serve  to  show  how  the  potential  in  a  good  Gramme 
machine  rises  gradually  from  its  lowest  to  its  highest  value. 


Fig.  54. 


Fig.  55. 
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Diagram  of  Potential 

ROUND  the  Commutator 

OF  Gramme  Dynamo. 


Horizontal  Diagram  of  Potentials  at 
Commutator  of  Gramme  Dynamo. 


It  will  be  seen  that,  taking  the  negative  brush  as  the  low- 
est point  of  the  circle,  the  potential  rises  perfectly  regularly 
to  a  maximum  at  the  positive  brush.    The  same  values  as 
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are  plotted  round  the  circle  in  Fig.  54  are  plotted  out  as 
vertical  ordinates  upon  the  level  line  in  Fig.  55,  which  is 
nothing  else  than  Fig.  5 1  completed  for  both  halves  of  the 
commutator.  Fig.  51  is,  however,  a  theoretical  diagram  of 
what  the  distribution  ought  to  be,  whilst  Fig.  S  5  is  an  actual 
record  taken  from  an  "  A  "  Gramme.  If  the  magnetic  field  in 
which  the  armature  rotated  were  uniform,  this  curve  would  be 
a  true  "  sinusoid,"  or  curve  of  sines.  The  steepness  of  the 
slope  of  the  curve  at  different  points  will  enable  us  to  judge 
of  the  relative  idleness  or  activity  of  coils  in  different  parts  of 
the  field.  The  points  marked  +  and  —  are  close  to  the  points 
of  least  sparking,  or  neutral  points. 

The  rise  of  potential  is  not  equal  between  each  pair  of 
bars,  otherwise  the  curve  would  consist  merely  of  two  oblique 
straight  lines,  sloping  right  and  left  from  the  neutral  point. 
On  the  contrary,  there  is  very  little  difference  of  potential 
between  the  commutator-bars  immediately  adjoining  either  of 
the  neutral  points.  The  greatest  difference  of  potential  occurs 
where  the  curve  is  steepest,  at  a  position  nearly  90°  from  the 
brushes,  in  fact,  at  that  part  of  the  circumference  of  the  com- 
mutator which  is  in  connexion  with  the  coils  that  are  passing 
through  the  position  of  best  action.  Were  the  field  perfectly 
uniform  and  parallel,  the  number  of  lines  of  force  that  pass 
through  a  coil  ought  to  be  proportional  to  the  sine  of  the 
angle  which  the  plane  of  that  coil  makes  with  the  resultant 
direction  of  the  lines  of  force  in  the  field,  and  the  rate  of  cutting 
the  lines  of  force  should  be  proportional  to.  the  cosine  of  this 
angle.  Now  the  cosine  is  a  maximum  when  this  angle  =  0°  ; 
hence,  when  the  coil  is  parallel  to  the  lines  of  force,  or  at  90° 
from  the  brushes,  the  rate  of  increase  of  potential  should  be 
at  its  greatest — as  is  very  nearly  realized  in  the  diagram  of 
'^g-  5S>  which,  indeed,  is  very  nearly  a  true  "sinusoidal" 
curve.  Such  curves,  plotted  out  from  measurements  of  the 
distribution  of  potential  at  the  commutator,  show  not  only 
where  to  place  the  brushes  to  get  the  best  effect,  but  enable 
us  to  judge  of  the  relative  "  idleness  "  or  "  activity  "  of  coils  in 
different  parts  of  the  field,  and  to  gauge  the  actual  intensity 
of  different  parts  of  the  field  while  the  machine  is  running. 
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As  we  shall  see,  the  current  in  the  armature  reacts  on  the 
magnetic  field,  and  distorts  the  distribution  of  magnetic  lines 
in  the  gap-space.  If  the  brushes  are  badly  set,  or  if  the  pole- 
pieces  are  not  judiciously  shaped,  the  rise  of  potential  will  be 
irregular,  and  there  will  be  maxima  and  minima  of  potential 
at  other  points.  An  actual  diagram,  taken  from  a  dynamo  in 
which  these  arrangements  were  faulty,  is  shown  in  Fig.  56 
and  again  is  plotted  horizontally  in  Fig.  57 ;  from  which  it 
will  be  seen,  not  only  that  the  rise  of  potential  was  irregular, 
but  that  one  part  of  the  commutator  was  more  positive  than 
the  positive  brush,  and  another  part  more  negative  than  the 

Fig.  56. 


DuGRAM  OF  Potential  Horizontal  Diagram  of  Potentials  at 

ROUND  THE  COMMUTATOR         COMMUTATOR  OF  FAULTY  DYNAMO. 

OP  A  Badly-arranged 
Dynamo. 

negative.  The  brushes,  therefore,  were  not  getting  their 
proper  difference  of  potential ;  and  in  part  of  the  coils,  the 
currents  were  actually  being  forced  against  an  opposing 
electromotive-force. 

This  method  of  plotting  the  distribution  of  potential  round 
the  commutator  has  proved  very  useful  in  practice,  and  eluci- 
dates various  puzzling  and  anomalous  results  found  by 
experimenters  who  have  not  known  how  to  explain  them. 

Curves  similar  to  those  given  can  be  obtained  from  the 
commutators  of  any  continuous-current  dynamo  having  a 
closed-coil  armature.  The  open-coil  machines  used  in  arc 
lighting  give  widely  different  curves  owing  to  the  peculiar 
arrangements  of  their  commutators.  It  is  of  course,  not 
needful  in  taking  such  diagrams  that  the  actual  brushes  of  the 
machine  should  be  in  place,  or  that  there  should  be  any 
circuit  between  them,  though  in  such  cases  the  field-magnets 
must  be  separately  excited.     It  should  also  be  remembered 
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that  the  presence  of  brushes,  drawing  a  current  at  any  point 
of  the  collector,  will  alter  the  distribution  of  potential  in  the 
collector  ;  and  the  manner  and  amount  of  such  alteration  will 
depend  on  the  position  of  the  brushes,  and  the  resistance  of 
the  circuit  between  them. 

Curves  showing  the  actual  distortions  due  to  the  armature 
reaction  have  been  given  by  von  Gaisberg  ^  for  a  Schuckert 
dynamo,  by  Kohlrausch  ^  for  a  Lahmeyer  dynamo,  and  by 
M.  K  Thompson  '  for  a  Thomson- Houston  dynamo ;  also  by 
Ryan  (see  below). 

Swinburne's  Metliod, — An  elegant  modification  of  the 
preceding  method  consists  in  connecting  a  high-resistance 
wire  across  the  terminals  of  the  machine,  and  finding  by  a 
detector  galvanometer  the  positions  along  this  wire  of  the 
points  which  have  the  same  potential  as  that  of  the  pilot- 
bmsh  on  the  commutator.  Being  a  zero  method  it  is  very 
accurate ;  and  it  dispenses  with  the  voltmeter,  which  for  the 
preceding  method  must  be  accurate  over  a  wide  range. 

Jouberfs  Method.^  Another  mode  of  examining  the  elec- 
tromotive-force induced  at  every  successive  point  in  the 
rotation  was  devised  by  M.  Joubert,*  who  placed  on  the  shaft 
of  the  dynamo  a  pair  of  insulated  metal  collars  connected  to 
the  ends  of  the  armature  winding  ;  each  collar  having  a  pro- 
jecting contact  piece  which  at  each  revolution  made  a  moment 
contact  against  a  spring.  The  moment  at  which  this  occurred 
depended  upon  the  position  of  the  contact  springs,  which 
could  be  adjusted  to  different  points,  and  thus  enable  measure- 
ments to  be  made  of  the  instantaneous  values  of  the  electro- 
motive-force at  all  different  positions  of  the  armature.  Jou- 
bert's  method  has  been  used,  with  some  modifications,  by 
Mordey  and  Raworth  *  and  by  Ryan.* 

Mordey's  Statical  Method, — Another  method,  applicable 
to  machines  at  rest  and  without  currents  in  the  armature,  con- 
sists in  separately  exciting  the  field-magnets,  while  the  arma- 

»  EUktroiecknische  Zeitschri/i,  vii.  67,  Feb.  1886. 
^  Centralblatt  fur  EUktrotechnik^  ix,  419,  1S87. 

•  EUcirical  World,  xviL  392,  1 89 1. 

*  Annates  de  VEcoU  NormcUe,  x.  131,  1881. 

*  Journal  Inst,  Electrical  Engineers,  xviii.  670,  1889. 

•  Trans,  Amer,  Instit,  Electrical  Engineers,  vii,  3,  189a 
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ture  coils,  or  any  one  of  them,  are  connected  to  a  suitable 
ballistic  galvanometer,  and  observing  the  throw  caused  by  the 
sudden  turning  off  of  the  current  in  the  exciting  circuit.  If 
this  is  done  in  a  number  of  successive  positions  of  the  arma- 
ture, relatively  to  the  field-magnet,  a  measure  is  obtained  of 
the  intensity  of  the  magnetic  flux,  corresponding  to  each 
position  of  the  armature,  and  the  result  may  be  plotted  out  in 
a  curve  exhibiting  the  distribution  of  magnetism  in  the  field. 
This  distribution  is  however  perturbed,  as  we  shall  see,  when 
the  machine  is  running  by  the  current  in  the  conductors  of  the 
armature. 

Reactions  due  to  the  Currents  in  the  Armature. 

When  a  dynamo  is  running,  a  set  of  entirely  new  phe- 
nomena arises  in  consequence  of  the  magnetic  and  electric 
reactions  set  up  between  the  armature  and  the  field-magnets, 
and  between  the  separate  sections  of  the  armature  coils. 
The  current  circulating  in  the  armature  windings  produces 
magnetizing  effects  which  interfere  with  those  of  the  exciting 
currents  of  the  field-magnet.  In  addition  to  this  there  may 
also  be  eddy-currents  in  the  masses  of  metal  which  will  perturb 
the  magnetic  field.  The  reactions  of  the  running  armature 
manifest  themselves  in  several  ways,  the  more  important  of 
which  are  {a)  a  tendency  to  cross-magnetize  the  armature ; 
(J))  a  tendency  to  spark  at  the  brushes ;  {c)  hence  the  necessity 
of  shifting  the  brushes  through  a  certain  angle  to  such  a  point 
that  sparking  disappears  ;  {d)  a  consequent  tendency  for  the 
armature  current  to  demagnetize ;  {e)  variations  of  sparking, 
and  consequently  of  the  neutral  points,  when  the  amount  of 
current  drawn  from  the  machine  is  altered ;  (/)  heating  of 
armature  cores  and  coils  ;  {£)  heating  of  the  pole-pieces  of  the 
field-magnets ;  {It)  a  consequent  discrepancy  between  the 
quantity  of  mechanical  horse-power  imparted  to  the  shaft  and 
the  electric  horse-power  furnished  in  the  electric  circuit.  The 
nature  of  these  reactions  demands  careful  attention. 

Cross-magnetizing  tendency  of  Armature  Current, — We 
have   seen   (pp.   (i6y  67,   and  Fig.   50)  that  any  closed-coil 
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armature  may  be  regarded  as  acting  like  a  double  voltaic 
battery,  the  two  sets  of  coils  acting  like  two  rows  of  cells 
united  "in  parallel."  We  have  now  to  show  that  a  ring 
armature  may  be  regarded  also  as  a  double  magnet  Suppose 
a  semi-ring  of  iron  to  be  surrounded,  as  in  Fig  58,  by  a  coil 

Fig.  58. 


Polks  of  Half-Ring. 

carrying  a  current,  it  will  become,  as  every  one  knows,  a 
magnet  having  a  N.  pole  at  one  end,  and  a  S.  pole  at  the 
other.  If  a  complete  ring  be  similarly  over-wound,  but  with 
an  endless  winding,  and  if  then  electric  currents  from  a  battery 
or  other  source  are  introduced  into  this  coil  at  one  point, 
flowing  round  the  two  halves  of  the  ring  to  a  point  at  the 
other  side,  and  then  leave  the  coil  by  an  appropriate  con- 
ductor, each  half  of  the  ring  will  be  magnetized.  There  will 
be,  if  the  currents  circulate,  as  represented  by  the  arrows  in 
^Jg-  S9>  2L  double  S.  pole  at  the  point  where  the  currents 
enter,  and  a  double  N.  pole  at  the  place  where  the  currents 
leave  (compare  with  p.  123).  The  currents  circulating  in 
a  Gramme  ring,  will  therefore  tend  to  magnetize  the  ring  in 
this  fashion.  Let  us  see  how  such  a  magnetization  is  dis- 
tributed inside  the  iron  itself.  Fig.  60  shows  the  general 
course  of  the  magnetic  lines  of  force  as  they  run  through  the 
iron  ;  where  they  emerge  into  the  air  are  the  effective  poles  of 
the  ring  regarded  as  a  magnet  Fig.  60  should  be  very  care- 
fully compared  with  Fig.  59.  It  will  be  noticed  that  though 
the  majority  of  the  lines  of  force  pass  externally  into  the  air 
at  the  outer  circumference,  a  few  of  the  lines  of  force  find 
their  way  across  the  interior  oif  the  ring,  from  its  N.  to  its  S. 
pole.  This  part  of  the  magnetic  field  would  in  an  actual 
dynamo  be  deleterious  if  the  number  of  lines  of  force  were 
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not  in  reality  few.  The  presence  of  the  external  masses  of 
iron  at  the  polar  parts  of  the  field-magnet  tends  to  cause  these 
magnetic  lines  to  find  their  way  externally. 

It  is  evident  that  this  cross-magnetizing  effect  will  produce 
a  distortion  of  the  magnetic  field  in  the  pole-pieces  and  in  the 
gap-space  ;  and  it  would  only  slightly  diminish  the  electro- 
motive-force of  the  machine  if  the  brushes  were  to  remain  at 


Fig.  59. 


Circulation  of  Current  around 
Ring  Armature. 


Fig.  6a 


«  ••■,.» 


Magnetic  Field  dub  to 
Armature  Current. 


the  ends  of  a  diameter  exactly  symmetrically  between  the 
two  poles  of  the  field-magnet.  For  reasons  presently  to  be 
considered  this  is  not  possible.  To  obviate  sparking  the 
brushes  have  to  be  displaced  into  an  angular  position,  the 
diameter  of  commutation  being  oblique  when  the  brushes  are 
so  set  at  the  neutral  points  ;  and  when  this  is  done  the  arma- 
ture current  produces,  as  we  shall  see,  not  only  a  cross-mag- 
netizing effect,  but  also  a  demagnetizing  effect ;  and  this 
weakens  the  electromotive-force. 

Fig.  61  represents  ^  the  magnetic  flux  through  an  armature 
at  rest,  when  the  field-magnets  are  separately  excited.    The 

*  Figs.  61,  62,  63,  and  69  are  taken,  with  some  modification,  from  Esson's 
paper  in  Journal  Inst,  Electrical  Engineers^  xix.  135,  1890. 
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width  of  the  ^p-space  is  exa^erated,  and  the  conducting 
wires  both  on  the  armature  and  on  the  field-magnet  are 
shown  in  section  as  if  consisting  of  a  single  layer  of  large 
round  wires.  Wires  in  which  a  current  flows  toward  the 
observer  are  distinguished  by  a  central  dot  Wires  in  which 
a  current  flows /roOT  the  observer  are  distinguished  by  a  cross. 

Fio.  61. 


Uackbtic  Flux  thboogb  AutATURi,  when  no  Current  is  Flowing. 

The  reader  may  think  of  the  dot  as  representing  the  point  of 
an  arrow  advancing  towards  him ;  whilst  the  cross  may 
represent  its  retreating  taiL  Wires  carrying  no  current  are 
left  blank.  It  will  be  noticed  that  the  magnetic  lines  are 
fairly  uniformly  distributed  both  in  the  gap-spaces  and  in  the 
polar  portions  of  the  field-magnet  The  armature  is  drum- 
wound,  the  wires  being  only  on  the  outside  :  the  magnetizing 
effect  of  a  current  in  it  will  be  of  the  same  kind  as  that  traced 
out  above  in  the  case  of  a  ring-wound  armature,  though  less 
in  degree. 

Suppose  now  the  exciting  current  in  the  field-magnet 
coils  to  be  removed,  and  a  current  sent  through  the 
armature  coils  only,  so  as  to  imitate  the  effect  of  the 
current  generated  by  the  machine  when  running.  If  it  is 
to  do  this,  and  if  the  armature  connexions  are  in  right- 
handed  order,  and  the  machine  rotating  right-handedly,  the 
currents  in  both  sets  of  windings  will  tend  to  climb  toward 
the  top,  the  upper  brush  being  the  positive  brush,  and  the 
double-pole  created  there  will  be  a  north-pole.     Suppose  the 
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brushes  by  which  the  current  enters  and  leaves  to  be  set 
respectively  at  the  highest  and  lowest  points,  as  in  Fig.  62 ; 
then  the  dotted  lines  may  be  taken  as  representing  the  flow 


Fig.  62. 
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Cross-magnxtizing  Effkct  of  the  Armature  Current. 

of  magnetic  lines  through  the  system.     Since  the  number  of 
such  magnetic  lines  depends  upon  the  goodness  of  the  mag- 
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Joint  Magnetizing  Effect  of  Currents  in  Field-magnet  and 

Armature  (no  lead). 

netic  path  which  they  have  to  follow,  it  is  clear  that  the  cross- 
field  produced  by  a  given  current,  flowing  in  a  given  set  of 
conductors,  will  be  greater  the  narrower  the  gap-space,  and 
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the  wider  the  arc  spanned  by  the  polar  masses  of  iron  ^  on 
either  side. 

But  in  an  actual  dynamo,  when  generating  a  current,  both 
these  magnetizing  actions  are  going  on  at  once.  If  we  superpose 
Fig.  62  on  Fig.  61  we  shall  obtain  an  approximate  picture  of 
the  state  of  things,  as  Fig.  63.  We  supposed  that  the  brushes 
were  set  to  touch  at  two  points  on  the  vertical  diameter.  The 
field-magnets  tend  to  magnetize  the  ring  so  that  its  extreme 
left  point  is  a  N.  pole,  and  the  currents  tend  to  magnetize  it 
so  that  its  highest  point,  where  the  brush  is,  is  a  N.  pol^.  The 
consequence  of  this  will  be  a  resultant  magnetization  in  an 
oblique  direction.  Draw  a  line  O  F  (Fig.  64)  to  represent  the 
magnetizing  force  due  to  the  field-magnets,  and  a  line  O  C  at 
right  angles  to  represent  the  magnetizing  force  due  to  the 
armature  current,  then  the  diagonal  O  R  of  the  parallelogram 
will  represent  the  direction  of  the  resultant  magnetization. 
Draw  a  circle  round  O,  and  the  point  N  will  show  how  far  the 
resultant  induced  magnetism  is  shifted  round  from  the  hori- 
zontal line.  The  magnetism  is  thus  distorted  in  the  direction 
of  the  rotation  (in  motors  it  is  distorted  the  other  way)  as  if 
the  rotation  of  the  armature  had  actually  dragged  the  magnet- 
ism  round  a  little.  The  position  of  maximum  potential  will 
also  be  shifted  a  little  in  the  direction  of  the  rotation.  Now 
for  reasons  to  be  shortly  discussed,  when  the  magnetism  is 
thus  distorted,  the  neutf^l points  (i.  e.  the  points  to  which  the 
brushes  must  be  set  so  as  to  reduce  sparking  to  a  minimum) 
are  found  to  have  been  also  shifted  forward.  If  for  the  present 
we  assume  that  the  brushes  must  be  advanced  through  an 
angle  equal  to  that  through  which  the  resultant  magnetization 
has  been  turned,  then  O  C  must  be  altered  till  it  is  at  right 
angles  to  O  N.  But  shifting  O  C  will  itself  alter  N  a  little. 
We  can  find  out  easily  the  new  position.  On  O  F  (Fig.  65) 
describe  a  semicircle,  and  set  off  F  R,  equal  to  the  length  that 
0  C  is  to  be,  as  a  chord.     Draw  O  C  parallel  and  equal  to 

'  Since  these  polar  masses  constitute  the  path  by  which  the  magnetic  lines  of 
the  crois-field  return  on  themselves,  it  is  obvious  that  the  cross-magnetization  can 
be  partially  counteracted  by  dividing  the  polar  masses  by  gaps  running  horizon- 
tally.   See  JourmU  Inst,  Electrical  Engineers^  xx.  290,  189 1. 
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F  R  ;  and  draw  also  the  diagonal  O  R  as  before.  The  angle 
C  O  N  is  now  a  right  angle,  and  N  is  very  nearly  where  it 
was  before.     If  O  V  be  a  vertical  line,  then  angle  V  O  C  = 


Fig.  64 


Fig.  65. 


•'*V-r-V 


angle  F  O  R  is  the  angle  of  lead,  and  if  O  F  represents  the 
magnetizing  force  of  the  field-magnets,  and  O  C  that  of  the 
armature  cirrrent,  then 

O  C 

p;r-^  =  j/«  C  R  O  =  sin  FOR, 

or  the  sine  of  the  angle  of  lead  is  proportional  to  the  ratio  of 
the  two  magnetizing  forces. 

All  this  rearrangement  of  the  lead  is  supposed  to  have 
been  done  in  Fig.  (i6^  which  relates  to  a  ring-wound  dynamo. 
But  a  reference  to  Figs.  63  and  (:6y  will  also  show  that  the 
magnetism  of  the  armature  reacts  on  the  magnetism  of  the 
pole-pieces.  The  magnetic  lines  in  the  iron  of  the  left  pole- 
piece  are  crowded  up  towards  the  top  comer,  and  in  the  right 
pole-piece  are  crowded  toward  the  bottom,  as-  if  the  polarity 
had  been  attracted  upwards  on  one  side  and  downwards  on 
the  other.  The  density  of  the  field  is  completely  changed 
from  what  it  was  in  Fig.  61.  The  magnetic  lines  at  the  upper 
left  side  are  crowded  together  and  twisted  across.  The  re- 
sultant N.  pole  of  the  ring — marked  «,  «,  n^  where  the  lines 
emerge  from  the  ring — attracts  the  S.  pole — marked  j,  j,  j, 
where  the  lines  enter  the  field-magnet — and  the  steam-engine 
which  drives  the  dynamo  has  to  do  hard  work  in  dragging  the 
armature  round  against  these  attractions.  The  stronger  the 
current  in  the  armature  coils,  the  stronger  will  be  the  poles  in 
the  armature,  and  the  stronger  will  be  the  attraction  of  «, «, «, 
toward  J,  J,  J  ;  so  the  steam-engine  must  work  still  harder  to 
keep  up  the  speed.     It  will  also  be  noticed  in  this   figure 
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which  rein;-..-  ^o  a  ring-woTind  machine  that  ^few  of  the  mag- 
netic lines  due  lo  tlie  current  in  the  armature — two  of  them  are 
shown  dotted  in  the  figure — leak  across  internally  and  con- 
tribute nothing  to  the  external  field.  The  oblique  direction 
of  this  internal  field  marks  the  angle  of  lead  of  the  brushes. 
It  will  be  remarked  that  the  innermost  layers  of  iron  of  the 
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ring  are  magnetized  differently  from  the  outermost,  for  the 
"«"  pole  of  the  outer  layers  of  iron  occupies  a  region  lying 
obliquely  on  the  left,  while  the  "  n  "  pole  of  the  inner  layers 
lies  to  the  right  of  the  highest  point.  All  these  phenomena — 
the  shifting  of  the  field — its  concentration  under  the  **  leading  " 
polar  horn — its  weakening  under  the  "trailing"  horn — the 
weak  internal  field — ^the  discrepancy  between  the  positions 
of  the  induced  poles  on  the  inner  and  outer  sides  of  the 
ring,  can  all  be  observed  in  an  actual  dynamo.  Fig.  6^ 
shows  the  pattern  produced  experimentally  in  iron  filings 
by  placing  a  magnetized  ring  between  the  poles  S  N  of 
a  field-magnet,  which  would  tend  to  induce  in  it  poles 
«*,  x',  and  giving  its  own  poles  n  s,  the  proper  lead.     It  should 
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be  compared  with  Figs.  63  and  66,  It  may  perhaps  be  ob- 
jected that  in  Fig.  66  the  internal  poles  marked  do  not  lie 
exactly  at  right  angles  to  the  external  poles  of  the  ring.  Nor 
do  they  in  actual  dynamos.  The  position  of  the  internal  poles 
is  determined  by  the  lead  given  to  the  brushes,  and  the  brushes 
are  so  set  that  the  dynamo  shall  not  spark.  ' 

Fig.  67. 


Field  op  Two-folb  Dynamo. 

In  the  case  of  drum-wound  armatures,  the  phenomena, 
though  of  the  same  kind  as  with  ring  windings,  are  a  little 
less  easily  traced.  In  consequence  of  the  over-wrapping  of 
the  windings  on  the  outside  of  the  armature,  the  currents  in 
some  of  the  windings  are  partially  neutralized  in  their 
magnetizing  effect  on  the  core  by  those  that  lie  across  them, 
and  consequently  the  polarity  due  to  the  current  is  not  so 
well  marked  as  with  ring  armatures.  Neither  can  there  be 
any  considerable  internal  field.  In  fact  drum  armatures  are 
less  liable  to  induction  troubles  of  all  kinds  than  are  ring 
armatures.  But,  with  these  exceptions,  the  same  considera- 
tions apply  to  drums  as  to  rings. 

Neutral  Points. — From  the  earliest  time  that  dynamos 
have  been  used,  engineers  have  found  that,  in  order  that  the 
sparking  may  be  a  minimum,  the  brushes  must  be  placed 
in  certain  positions,  to  be  found  by  trial,  called  the  neutral 
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points.  In  ordinary  twopole  dynamos  the  two  neutral  points 
lie  at  opposite  ends  of  a  diameter,  which  diameter  is  therefore 
called  the  neutral  line.  The  term  diameter  of  commutation 
ought  to  be  reserved  to  denote  the  position  actually  occupied 
hy  the  brushes,  or  by  the  coils  that  are  passing  the  brushes, 
whether  at  the  neutral  point  or  not.  Experience  shows  that 
in  almost  every  case  the  neutral  line  is  not  exactly  at  right 
angles  to  the  line  joining  the  middles  of  the  two  pole-pieces, 
but  lies  obliquely  across,  being  (in  a  generator)  shifted  round 
a  few  d^rrees  in  the  direction  of  rotation.  It  was  early 
found  that  in  many  machines  the  exact  position  of  the 
neutral  point  was  different  according  to. the  work  that  the 
dynamo  was  doing.  If  the  brushes  were  set  so  as  not  to 
spark  when  a  certain  number  of  lamps  were  alight,  then  if  the 
load  of  lamps  was  altered  the  machine  sparked  unless  the 
brushes  were  adjusted  to  the  corresponding  neutral  points. 
Hence  arose  the  practice  of  mounting  the  brushes  on  rockers 
(see  p.  35)  by  means  of  which  their  line  of  contact  could  be 
altered  forward  or  backward  to  the  neutral  point.  Great 
attention  has  naturally  been  paid  by  constructors  to  the 
practical  problem  how  to  get  rid  of  variations  in  the  angle  of 
lead.  On  p.  71  it  was  stated  that  the  neutral  points  lie  close 
to  the  points  of  maximum  positive  and  maximum  negative 
potential  on  the  commutator.  But  they  are  found  not  to 
coincide  exactly  with  those  points.  At  the  point  of  maximum 
potential  there  is  usually  some  sparking.  The  point  of 
maximum  potential  has,  as  just  shown,  a  forward  lead,  but 
the  point  of  least  sparking,  the  true  neutral  point,  lies  a  little 
forward  of  this,  this  increased  lead  being  due  to  another  of  the 
reactions  now  under  consideration. 

Causes  of  Sparking. — Whenever  a  circuit  in  which  a  cur- 
rent b  flowing  is  suddenly  parted,  a  spark  is  observed, 
particularly  if  that  circuit  contains  an  electromagnet  or  any 
coik  of  wire  surrounding  an  iron  core.  The  reason  of  the 
spark  at  break  of  circuit  is  as  follows  : — We  know  that  every 
electric  current  possesses  a  property  sometimes  called  "  electric 
inertia,"  sometimes  called  "  self-induction,"  by  virtue  of  which 
it  tends  to  go  on.     Just  as  a  fly-wheel  once  set  in  motion 
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tends  to  go  on  spinning,  so  a  current  circulating  round  a  coil 
tends  to  go  on  circulating,  even  though  the  connexion  with 
the  source  be  cut  off.  True,  the  current  lasts  in  most  cases 
only  for  a  small  fraction  of  a  second,  but  it  tends  to  go  on. 
It  is  also  known  that  this  quasi-inertia  is  connected  with  its 
magnetic  properties,  and  that  it  is  in  the  current's  own 
magnetic  field  that  this  inertia  of  self-induction  resides. 

A  current  circulating  round  an  iron  core  has  a  much  greater 
electric  inertia  (or  self-induction),  because  it  has  a  more  intense 
magnetic  field,  than  one  without  an  iron  core.  It  requires  an 
expenditure  of  energy  to  start  a  current  because  of  this 
property ;  and  that  energy  may  be  considerable.  The  electric 
current  circulating  in  a  coil  possesses  energy,  and  if  we  stop 
it  by  opening  the  circuit,  that  energy  will  show  itself  by  a 
spark,  the  spark  of  the  so-called  (but  mis-named)  "extra- 
current."  If  we  short-circuit  the  coil,  its  current — unless  there 
is  an  electromotive-force  to  keep  it  up — will  be  stopped  in  a 
fraction  of  a  second  by  the  internal  quasi-friction  which  we 
commonly  call  the  "  resistance  "  of  the  wire. 

Now  in  the  armature,  when  at  work,  half  the  current  flows 
— in  the  standard  case  we  have  chosen  for  consideration — up 
the  coils  on  the  left-hand  half  of  the  ring,  and  the  other  half 
of  the  current  flows  also  up  the  coils  on  the  right-hand  half. 
If  the  positive  brush  is  at  or  near  the  top,  as  in  Fig.  68,  the 
current  flows  from  left  to  right  through  the  sections  X  and  W 
on  the  left  of  the  brush,  and  from  right  to  left  through  the 
sections  T  and  U  on  the  right  of  the  brush.  %  Now  as  the 
armature  turns  the  bars  of  the  commutator  come  successively 
into  contact  with  the  brush.  In  Fig.  68  the^bars  c  and  d 
have  already  passed  the  brush;  e  is  just  leaving  it,  and /"is 
just  Jjeginning  to  pass  under  it.  For  a  brief  moment  the 
brush  rests  on  two  adjacent  bars  e  and  /,  and  thus  short- 
circuits  the  section  V  for  an  instant  The  duration  will 
obviously  depend  on  the  speed  of  rotation,  on  the  breadth  of 
the  insulating  gap  between  the  commutator  bars,  and  on  the 
breadth  of  the  contact-surface  of  the  brush.  Now  the  section 
V  a  moment  previously  belonged  to  the  left-hand  half  of  the 
ring,  and  when  it  has  passed  the  brush,  that  is  to  say,  when  e 
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ceases  to  touch  the  brush,  it  will  belong  to  the  right-hand  half 
of  the  ring.  It  is  clear  then  that  in  the  act  of  passing  the 
brush  the  current  that  was  flowing  in  the  section  V  will  be 
stopped  and  then  started  again  in  the  opposite  direction 
through  its  coils.  Every  section  of  the  armature  as  it  passes 
the  brush  will  similarly  be  transferred  from  one  half  of  the 
ring  to  the  other,  and  will  have  its  current  reversed.     This  is 


in  fact  the  act  of  commutation.  Now  suppose  it  were  arranged 
that  the  act  of  commutation  should  occur  exactly  at  the  point 
vhen  the  coils  of  the  section  are  not  cutting  any  magnetic 
lioes  whatsoever :  so  that  while  the  coil  is  short-circuited  it 
shall  not  be  the  seat  of  any  induced  electromotive-force. 
Then  the  current  in  it  will  die  out,  and  as  it  emerges  from 
under  the  brush  it  wilt  be  thrown  as  a  perfectly  idle  coil  upon 
the  right-hand  half  of  the  ring,  in  which  a  current  is  flowing 
toward  the  brush.     Just  before  the  bar  e  parts  company  from 
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the  brush,  the  current  coming  up  through  T  and  U  is  flowing 
through  e  to  the  brush  :  but  as  e  moves  away  this  current  has 
suddenly  to  go  also  round  the  coils  of  V.  But  the  current 
cannot  instantly  rise  to  its  full  strength  in  the  idle  coil  V, 
hence  before  V  really  gets  to  work,  the  current  sparks  across 
between  e  and  the  brush.  We  have  here  supposed  V  to  be  a 
perfectly  idle  coil :  now  suppose  that  it  is  not  idle  but  is 
actually  still  cutting  magnetic  lines,  as  would  be  the  case  if 
the  brush  instead  of  being  shifted  forward  to  the  neutral  line 
n  fi  had  been  further  to  the  left.  Then  it  is  clear  that  during 
the  moment  of  short-circuiting  there  will  be  an  electromotive- 
force  acting  in  the  coil  as  it  passes  the  brush.  Such  an  electro- 
motive-force, even  though  small,  may  produce  momentarily  a 
large  current,  because  the  short-circuited  resistance  is  so  small. 
Hence  the  sparking  will  be  worse  than  if  the  coil  were 
absolutely  idle. 

Now  suppose  that  the  brush  is  shifted  just  so  far  the  other 
way,  in  the  direction  of  the  rotation,^  that  as  the  coil  passes  the 
brush  it  is  beginning  to  enter  the  fringe  of  the  magnetic  field 
on  the  right.  In  that  case  it  will  be  beginning  to  cut  the 
magnetic  lines  in  such  a  way  as  to  tend  to  set  up  a  current  in 
the  reverse  direction  through  it.  The  ideal  arrangement  is 
attained  if  the  brushes  be  shifted  just  so  far  beyond  the  point 
of  maximum  electromotive-force  that  while  the  sections  pass 
under  the  brush  and  are  short-circuited  they  should  actually 
have  a  small  reverse  electromotive-force  induced  in  them ; 
and  this  action  should  last  just  so  long  in  each  successive 
section  as  to  stop  the  current  that  was  circulating,  and  start  a 
current  in  an  opposite  direction  and  let  it  grow  exactly  equal 
in  strength  to  that  which  is  circulating  in  the  other  half  of  the 
armature,  which  it  is  then  ready  to  join.  If  this  set  of  con- 
ditions could  be  attained  there  should  be  no  sparks.  A 
magnetic  field  of  precisely  the  proper  intensity  to  cause 
reversal  in  the  commuted  section  of  the  armature  can 
usually  be  found  just  outside  the  tip  of  the  pole-piece,  for 

*  In  the  case  of  a  motor,  which  is  separately  considered  in  Chap.  XX.,  the 
brushes  must  be  shifted  in  the  ^//^ji// direction  to  the  rotation ;  f.«»  there  must  be 
«  negative  lead. 
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here  the  fringe  of  magnetic  lines  presents  a  density  which 
increases  very  rapidly.  Since  a  more  intense  field  is  needed 
to  reverse  large  currents  than  is  required  for  small  ones,  it 
follows  that  the  angle  of  lead  that  must  be  given  to  the  brushes 
will  be  sightly  greater  for  large  currents  than  for  small  ones. 

If  the  brushes  are  not  rocked  sufficiently  far  forward  as  to 
touch  at  the  neutral  points,  there  will  be  free  sparking.  If 
they  are  shifted  beyond  the  neutral  points,  the  sparking  is  in 
jjeneral  less.  That  is  to  say  there  is  usually  much  sparking 
when  the  lead  is  too  little ;  a  little  sparking  when  the  lead  is 
too  great ;  and  no  sparking  when  the  lead  is  right.  When 
the  lead  is  greater  than  is  necessary  there  is  a  waste  of  energy 
due  to  the  generation  in  the  short-circuited  coil  of  a  larger 
reverse  current  than  is  necessary.  Moreover,  as  the  lead  is 
increased  beyond  the  neutral  point,  all  the  coils  that  lie  in  the 
r^ion  between  the  neutral  point  and  the  diameter  of  com- 
mutation are  exerting  counter  electromotive-forces,  and  the 
potential  at  the  brushes  falls  from  its  maximum. 

If  in  a  badly-designed  dynamo  the  armature  current 
circulation  in  any  section  is  very  great,  and  the  field-magnet 
very  weak,  it  may  happen  that  no  position  can  be  found  *  for 
the  brushes  in  which  the  intensity  of  the  field  is  sufficient  to 
reverse  the  current  in  the  section.  Such  a  dynamo  will  spark 
incurably.  It  is  evident  that  sparklessness  will  be  promoted 
(l)  by  dividing  up  the  armature  into  many  sections,  so  that 
the  reversals  of  the  currents  may  be  done  in  detail ;  (2)  by 
making  the  field-magnet  a  relatively  powerful  one  ;  (3)  by  so 
shaping  the  pole-surfaces  as  to  give  a  suitable  fringe  of 
magnetic  field  of  graduated  intensity ;  (4)  by  choosing  brushes 
of  suitable  thickness,  and  keeping  their  contact-surfaces  well 
trimmed.     (See  also  Chapter  XVI.) 

Beside;  the  cause  of  ordinary  sparking  explained  above 
there  are  some  causes  of  an  exceptional  nature.  In  those 
dynamos  (chiefly  those  used   in  arc-lighting)  that  are  con- 

'  I  hare  seen  a  dynamo  in  which  the  armatnre  overpowered  the  field-magnets. 
When  the  bmshes  had  a  small  lead  there  was  a  good  electromotive-force,  but  it 
spaiked  excessively.  With  a  large  lead  of  nearly  90^  the  sparks  disappeared,  but 
(he  dectromotive-force  also  vanished  ! 
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structed  to  work  at  high  potentials  approaching  or  exceeding 
looo  volts  there  sometimes  occurs  a  phenomenon  known  as 
*'  flashing-over."  A  long  blue  spark  will  on  a  sudden  altera- 
tion of  the  resistance  of  the  circuit  be  drawn  out  around  the 
circumference  of  the  commutator  from  brush  to  brush.  This 
spark,  which  is  more  of  the  nature  of  an  arc,  does  little  harm 
in  the  case  of  those  dynamos  which  are  constructed  with 
commutators  of  few  parts  separated  by  air-gaps,  but  is  very 
harmful  in  the  case  of  dynamos  having  commutators  of  the 
ordinary  sort  with  thin  mica  insulation  between  the  bars ;  for 
these  are  easily  short-circuited  by  the  flash-over. 

Another  cause  of  sparking  is  want  of  symmetry  in  the 
winding  of  the  armature :  some  of  the  older  forms  of  the 
Siemens  armature  were  defective  in  this  respect.  If  the  coils 
of  one  half  of  the  armature  are  either  more  numerous  or 
nearer  to  the  iron  core^  on  the  average,  than  those  of  the  other 
half,  the  two  induced  electromotive-forces  in  the  two  halves 
of  the  armature  will  be  unequal,  and,  consequently,  at  every 
revolution,  the  neutral  points  will  shift  first  forward,  then 
backward,  giving  rise  to  sparks.  Jumping  of  the  brushes 
when  the  collector  is  untrue,  or  when  the  brush-holders  arc 
defective,  is  another  prolific  cause  of  sparking. 

Formerly  the  fact  that  a  lead  must  be  given  to  the  brushes 
was  ascribed  to  a  sluggishness  in  the  demagnetization  of  the 
iron  of  the  armature,  and  even  now  some  authorities  take  the 
view  that  part  of  the  displacement  of  the  magnetism  in 
the  armature  is  due  to  the  sluggishness  of  demagnetization  of 
the  iron.  On  the  other  hand  no  experimental  proof  has  ever 
yet  been  given  that  the  displacement  is  due  to  a  true  magnetic 
lag.  Ewing  has  shown  (see  p.  165)  that  there  is  a  slow  creeping 
up  of  magnetism  under  the  influence  of  protracted  magnetizing 
forces  :  but  such  "  viscous  hysteresis  "  will  not  account  for  the 
necessity  of  giving  a  lead  to  the  brushes.  The  apparent 
magnetic  sluggishness  of  thick  masses  of  iron  is  demonstrably 
due  to  internal  induced  currents;  and  for  this  very  reason 
no  one  uses  solid  iron  in  armature  cores!  Neither  has  it  been 
shown  that  thin  iron  plates  or  wires,  such  as  are  used  in 
armature  cores,  are  slower  in  demagnetizing  than  magnetizing. 


f  .^  * 
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Indeed,  the  reverse  is  probably  true ;  and,  until  further  ex- 
perimental evidence  is  forthcoming,  it  will  be  assumed  that 
the  allied  magnetic  lag  is  negligibly  small  in  its  effects.  For 
further  discussion  of  this,  see  some  experiments  which  were 
described  in  Appendix  V.  of  the  third  edition  of  this  work. 
The  generation  of  eddy-currents  in  any  part  of  the  revolving 
armature  will  necessarily  be  accompanied  by  a  demagnetizing 
action,  and  will  also  affect  the  lead. 

Demagnetising  Action  of  Armature, — If  in  a  dynamo  there 
is  a  forward  lead  given  to  the  brushes  for  the  purpose  of 
stopping  the  sparking,  there  at  once  results  another  reaction, 
namely  the  production  of  an  actual  demagnetizing  force  or 
"  back-induction."  That  the  armature  current  does  so  act  is 
readily  demonstrated  by  considering  Fig.  69.     Here  the  field- 
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Demagnbtizing  Action  of  Armature  Current  op  Generator. 

magnet  and  armature  are  represented  as  before,  but  the 
brushes  have  been  given  a  forward  or  positive  lead;  the 
neutral  line  ««'  lying  obliquely.  The  currents  are  flowing 
toward  the  observer  in  the  armature  conductors  on  the  left  of 
the  neutral  line,  and  from  the  observer  in  those  on  the  right 
of  that  line.  Now  let  the  two  lines  a  by  and  c  rf,  be  drawn 
squarely  across  the  armature  through  the  points  of  commuta- 
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tion  corresponding  to  the  two  brushes.  These  lines  intersect 
the  outline  of  the  armature  in  four  points.  In  the  diagram 
there  are  thirty-two  conductors  spaced  out  around  the  core 
disk  of  the  armature ;  and  as  this  armature  is  drum-wound 
the  end  connexions  of  the  conductors  will  probably  be  some- 
what like  those  shown  in  Fig.  70,  where  each  conductor  is 
connected  across  the  end  by  a  double-curved  connector  to  the 
conductor  that  is  next  to  the  one  diametrically  opposite.^ 
Now  so  far  as  any  magnetizing  actions  are  concerned  it  does 
not  matter  what  the  end  connexions  are,  provided  they  are 
compatible  with  the  flow  of  current  indicated  above  in  Fig.  69, 

Fig.  70.  I'lc.  71. 


Conductors  Grouped  iht» 
Cross-haghetizing  and 

DE-MAaNETIZlKQ   BELTS. 

with  current  advancing  along  the  sixteen  conductors  on  the 
left  of  n  n'  and  retreating  along  the  sixteen  on  the  right  of 
n  «'.  Hence  we  may  consider  them,  temporarily,  as  grouped 
in  any  way  that  [will  assist  us  to  understand  their  action. 
Suppose  then  that  the  four  conductors  from  29  to  32  ate 
joined  across  the  ends'  to  the  four  from  13  to  16;  and  let 
the  twelve  conductors  from  l  to  12  be  joined  across  to 
the  twelve  from  17  to  28,  Our  armature  windings  are 
now  distributed  into  two  belts,  one  horizontal  belt  of  twelve 

'  For  modes  of  eonnectinE  drum-windings,  see  Chapter  XIII. 
■  See  Swiabume  in  journal  Sue.  Tdtg.  EHginari,  xv.  542,  1S861 
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windings  which  tends  simply  to  cross-magnetize^  and  one 
vertical  belt  of  four  windings  which  tends  simply  to  de- 
tnagnetize  ;  for  it  will  be  seen  that  the  direction  of  the  circula- 
tion around  the  vertical  belt  is  opposite  to  the  direction  of  the 
circulation  of  current  in  the  magnetizing  windings.  The 
breadth  of  the  belt  of  demagnetizing  windings  is  obviously 
proportional  to  the  angle  of  lead,  since  it  subtends  double 
that  angle.  If  the  armature  in  question  were  carrying  100 
amperes  then,  since  there  are  two  paths  through  the  armature 
circuit  (p.  64)  each  conductor  must  carry  50  amperes.  Hence 
the  number  of  ampere-turns  of  cross-magnetizing  force  is 
50  X  12=  600 ;  and  the  number  of  ampere-turns  of  de- 
magnetizing force  is  50  X  4  =  200. 

Now  the  cross-magnetizing  action  which,  as  we  have  seen, 
distorts  the  field,  does  of  itself  slightly  diminish  the  flux  of 
magnetic  lines  that  crosses  the  armature  core  from  side  to 
side,  because  in  the  oblique  resultant  direction  of  the 
magnetization  the  increased  flux  tends  to  produce  greater 
saturation.  For  other  researches  on  the  eff*ect  of  a  cross- 
magnetism  in  diminishing  the  magnetism  of  the  core,  see 
papers  by  Siemens^  and  Schiiltze*  in  Wiede^nantis  Annalen, 
Schiiltze,  in  the  course  of  twenty-four  experiments,  found  that 
the  cross-magnetization  of  an  iron  core  always  diminished  the 
longitudinal  magnetization.  The  most  recent  experiments 
on  these  effects  are  those  of  Kennelly.^ 

FrSlich,  in  certain  experiments  with  an  old-type  Siemens 
dynamo,  found  that  the  reaction  of  the  armature  current 
diminished  the  effective  magnetism  of  the  fleld-magnets 
nearly  25  per  cent.  In  a  more  recent  research  Stromberg,* 
using  a  Schuckert  dynamo,  measured  the  demagnetizing 
effect  of  the  armature  current,  and  expressed  it  as  being 
equivalent  to  a  certain  number  of  negative  ampere-turns. 
When  the  exciting  power  of  the  current  in  the  field-magnet 

*  Werner  Siemens.     IViedemantCs  Annalen^  xiv.  634,  18S2. 

'  Schiiltze.     Wied,  Ann.^  xxiv.  663,  1885.     See  also  Oberbeck,  Habiliations- 
Schrift.  1878. 

'  EUctriciaUy  zxv.  ill,  1890. 

*  CentralblaU  fur  EUkiroUchnik,  p.  283,  1887. 
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coils  was  maintained  at  6250  ampere-turns,  the  demagnetizing 
effect  of  the  armature  current  was  as  follows  : — 

Armature  Current*         Equivalent  Negative  Ampere-turns, 

7'4  ..  650 

i2"o  ..                  ..  850 

25*4  ..  1450 

44*0  ..  2450 

60 '4  ..                 ..  3650 

With  stronger  constant  excitation  of  the  field-magnets  the 
demagnetizing  effect  of  the  armature  currents  was  greater. 
With  13,400  ampere-turns,  the  demagnetizing  effect  of  sixty 
amperes  in  the  armature  was  equivalent  to  4400  ampere-turns. 
With  25,200  ampere-turns  the  demagnetizing  effect  of  only 
30 '5  amperes  was  equivalent  to  3100  ampere- turns.  This 
unexpected  effect  may  probably  arise  from  the  iron  of  the 
field-magnet  arriving  earlier  at  a  higher  stage  of  saturation 
than  the  armature  core.  It  may  also  have  been  dependent 
on  the  positions  of  the  brushes,  which  is  not  specified  by 
Stromberg.  In  a  Manchester  dynamo,  tested  by  Prof. 
Ayrton,^  5846  ampere-turns  of  magnetizing  power  were 
needed  when  no  lamps  were  on,  and  10,000  when  the  machine 
was  furnishing  its  full  output  of  current :  of  the  additional 
41 54  ampere-turns,  1754  were  needed  to  compensate  for  the 
lost  volts  (due  to  internal  resistance  and  lessened  permeability) 
and  2400  to  compensate  for  the  demagnetizing  effect  of  the 
armature  current  with  the  increased  lead  needed  to  prevent 
sparking.  The  greater  the  lead  given  to  the  brushes  in  a 
dynamo  used  as  a  generator,  the  greater  is  the  demagnetizing 
effect  of  the  armature  current.  In  motors,  since  for  a  right- 
handed  rotation  in  a  right-handed  field,  the  direction  of  the 
armature  current  is  opposite  to  that  in  the  dynamo,  a  negative 
or  backward  lead  has  to  be  given  to  the  brush  to  avoid  spark- 
ing— ^and  this  backward  lead  also  results  in  a  demagnetizing 
tendency.  If  a  negative  lead  {i,e.  a  displacement  from  the 
neutral  line  in  the  opposite  direction  to  the  sense  of  the 
rotation)  is  given  to  the  brushes  of  a  generator,  the  magnetiz- 
ing effect  of  the  armature  currents  will  tend  to  assist  the 
magnetization  of  the  core.     Drs.  J.  and  E.  Hopkinson'  have 

'  Journal  Inst,  Electrical  EngineerSy  six.  175,  1890. 

^  PhiL  Trans.y  1886,  part  i.  p.  347.  . 
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even  shown  that  with  a  backward  lead  a  dynamo  can  excite 
itself  by  means  of  the  armatufe  currents  only ;  but  in  such 
cases  of  negative  lead  there  is  a  destructive  amount  of  spark- 
ing. The  demagnetizing  effects  is  of  course  proportional  to 
the  number  of  effective  ampere-turns  of  the  armature  circuit 
that  surround  the  magnetic  circuit,  and  therefore  to  the 
actual  number  of  ampere-turns  included,  as  we  have  seen,  in 
a  belt  of  double  the  angular  breadth  of  the  angle  of  lead.^ 
Several  expedients  have  been  proposed  to  compensate  the 
cross-magnetizing  tendency  of  the  armature  currents,  and  so 
obviate  the  variations  of  lead.  In  one  due  to  Mather,*  a 
small  bar  electromagnet  excited  by  the  armature  current  is 
placed  perpendicularly  between  the  pole-pieces.  Swinburne* 
has  discussed  the  advantages  of  various  similar  arrangements 
for  this  purpose.  Professor  E.  Thomson  proposes  to  place  a 
series  coil  on  a  movable  frame  over  the  armature  and  tilt  it 
till  it  brings  back  the  neutral  point. 

In  relation  to  the  interference  of  the  armature  with  the 
magnetization  of  field-magnets,  it  may  be  pointed  out  that  the 
"  characteristic "  curves  of  dynamo  machines  (see  Chap.  X.), 
which  are  used  to  show  the  rise  of  the  electromotive-force 
of  the  machine  in  relation  to  the  corresponding  strength 
of  the  current,  are  sometimes  assumed,  though  not  quite 
rightly,  to  represent  the  rise  of  magnetization  of  the  field- 
magnets.  They  represent  rather  the  magnetizatioo. through 
the  armature.  Now,  though  the  magnetization  of  an  electro- 
magnet may  attain  to  practical  saturation,  it  does  not,  under 
a  still  more  powerful  current,  show  a  diminished  magnetization. 
But  the  characteristics  of  nearly  all  series-wound  dynamos 
show — at  least  for  high  speeds — a  decided  tendency  to  turn 
down  after  attaining  a  maxirtium  ;  and  in  some  machines,  for 
example  the  older  form  of  Brush  with  cast-iron  ring  (see 
Fig.  1 57),  this  reaction  is  very  marked.     The  electromotive- 

^  According  to  Pcukert,  who,  however,  docs  not  specify  the  angle  of  lead, 
the  demagnetizing  effect  of  the  armature  current  is  proportional  to  the  1-3 
power  of  the  armature  current    See  Centralblattfur  EUktrotechnik^  ix.  484,  1887. 

•  Sec  La  LumHre  EUctrique^  xix.  404,  1885. 

»  Journal  InsL  EUetrical  Engineers y  xix.  105,  1890. 
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force  diminishes,  but  the  magnetism  of  the  field-magnets  does 
not.  An  explanation  of  this  dip  in  the  characteristic  was  put 
forward  by  Dr.  Hopkinson,  in  his  lecture  on  "  Electric  Light- 
ing," before  the  Institution  of  Civil  Engineers,  April  1883, 
attributing  this  to  the  reaction  of  self-induction  and  mutual 
induction  between  the  sections  of  the  armature.  No  doubt 
this  cause  contributes  to  the  effect,  as  all  such  reactions 
diminish  the  effective  electromotive-force.  Part  of  the  effect 
is  due  to  the  distortion  of  the  magnetism,  but  most  to  the 
demagnetizing  effect  as  the  lead  of  the  brushes  is  increased. 
It  is  at  least  significant  that  in  the  older  form  of  "Brush 
machine,  where  the  reduction  of  electromotive-force  is  very 
great,  there  is  also  such  a  mass  of  iron  in  the  armature,  and 
so  variable  a  lead  at  the  brushes.  Machines  with  descending 
characteristics  are  preferred  for  arc  lighting. 

The  question  of  lead  of  brushes,  sparking,  and  field 
necessary  to  reverse  the  current  in  a  section  is  further  con- 
sidered in  Chapter  XVI.  in  relation  to  the  design  of  dynamos 
and  the  load  (or  ampere-turns)  which  an  armature  can  carry. 

Spurious  Resistance. — There  is  yet  another  effect  which 
results  from  the  existence  of  self-induction  in  the  coils  of  the 
armature.  In  each  section  the  current  tends  to  go  on,  and  in 
fact  does  actually  go  on  for  a  brief  time  after  the  brush  has 
been  reached.  Then  the  energy  of  the  current  in  that  section 
is  wasted  in  heating  the  copper  wire  during  the  interval  when 
it  is  3hort-circuited ;  and  as  it  passes  on,'  energy  must  again 
be  spent  in  starting  a  current  in  it  in  the  inverse  direction. 
All  these  reactions  are  of  course  detrimental  to  the  output  of 
current  by  the  dynamo :  especially  the  loss  in  short-circuiting. 
It  has  been  shown  by  M.  Joubert^  that  the  loss  of  energy  due 

*  CompUs  Rendus^  June  23,  1880,  January  9, 1882,  March  5,  1883 ;  and  VEUc' 
iricien^  April  1883.  The  proof  of  the  above  expression  is  simple.  Electric  work 
per  second  is  expressed  as  product  of  volts  and  current.  If  N  magnetic  lines 
are  cut  n  times  per  second,  the  average  rate  is  «  N.  If  a  ring  circuit  has 
coefficient  of  self-induction  L,  then  current  \ia  on  being  sent  through  that 
circuit  will  create  }  L  /«  lines  of  force.  Hence  the  current  }  ^  is  virtually  caused 
n  times  per  second  to  cut  across  i  L  t«  lines  of  force ;  or  the  work  done  in 
stopping  the  half-armature  current  in  all  the  sections  one  after  the  other  for  a 
second  of  time  is  i  «  L  fW. 
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to  the  reversals  of  the  current  in  the  sections  of  a  ring  arma- 

ture  is  equal  to  ^  per  second,  where  n  is  the  nunnber  of 

revolutions  per  second,  L  the  coefficient  of  self-induction  for 

the  entire    ring,  and   i^  the    armature   current.     Professors 

Ayrton  and  Perry  have   very  aptly  pointed  out^   that  the 

matter  may  be  conveniently  expressed  in  another  way.    Since 

the  energy  per  second  conveyed  by  a  current  running  through 

a  resistance  r  is  equal  to  r  i^,  it  is  evident  that  the  energy  lost 

per  second  by  self-induction  is  the  same  as  if  there  were  an 

?t  L 
additional  resistance  *  in  the  armature  of  the  value  r  =  — ~ 

4 
There  is,  therefore,  in  a  rotating  armature,  an  apparerit  in- 
crease of  resistance  proportional  to  the  speed,  and  this 
apparent  increase,  due  to  self-induction,  cannot  be  got  rid  of 
by  subdividing  the  armature  into  a  larger  number  of  sections. 
It  can  be  diminished  in  degree  by  using  in  the  armature  more 
iron  and  fewer  turns  of  wire,  in  other  words  by  diminishing 
the  magnetic  moment  of  the  coil  while  giving  the  field-magnet 
an  increased  advantage.  The  existence  of  an  apparent  resist- 
ance varying  with  the  speed  was  first  pointed  out  by  M. 
Cabanellas.' 

Eddy-Currents. — ^There  are  two  other  inductive  reactions 
in  the  armature  to  be  considered.  If  any  of  the  framework 
or  metal  supports  that  carry  the  armature  constitute  closed 
circuits  which  can  Qut  the  magnetic  lines,  they  will  be  the 
seat  of  wasteful  currents,  which  will  eddy  round  in  them, 
heating  them  and  absorbing  power.  In  the  iron  of  the  arma- 
ture cores,  if  not  properly  laminated,  internal  eddy-currents 
(the  so-called  "  Foucault  currents  ")  may  be  set  up,  absorbing 
energy  and  producing  detrimental  heat;  and  such  currents 
will  also  be  produced  within  the  conductors  which  form  the 

'  JoumaL  Soc.  TeUg,  Eng,  and  EUeir,^  xii.  No.  49,  1883. 

'  The  Talae  here  assigned  depends  on  the  assumption  that  daring  the  moment 
of  short-drcuitiDg  the  current  in  the  section  simply  dies  out.  If  it  is  stopped  and 
rereised  by  the  introduction  of  a  counter  electromotive-force,  as  it  ought  to  be, 
the  value  wiU  be  less. 

'  C^mptes  Rendiu^  January  9,  1882,  and  Not.  24,  1884 ;  see  also  Picou, 
Manud  ^EUctrometrie^  P-  123  ;  and  Lodge  in  Ekctrician,  July  31,  1885. 
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coil  of  the  armature,  if  these  are  massive  as  in  the  "bar- 
armatures"  used  for  machines  that  have  a  large  output  of 
current.  Frolich,  in  1880,^  pointed  out  the  effect  of  the 
presence  of  these  currents;  and  to  them  he  attributed  not 
only  the  otherwise  unexplained  deficit  in  the  work  trans- 
mitted electrically  by  a  generator  to  a  motor,  but  also  the 
diminution  in  the  effective  magnetism  (discussed  above  as  a 
result  of  cross-magnetism,  and  found  by  Frolich  to  amouiiv  to 
25  per  cent,  of  the  whole  magnetism)  observed  with  great 
currents  and  high  speeds ;  and  further  he  attributed  to  this 
cause  the  apparent  increase  in  the  number  of  "  dead-turns  "  * 
at  high  speeds.  Doubtless  such  currents  exist,  and  the  energy 
they  waste  will  be  nearly  proportional  to  the  square  of  the 
speed  :^  but  they  may  be  indefinitely  diminished  by  proper 
lamination,  insulation,  and  disposition  of  the  structures  of  the 
armature. 

Laminatiofu — The  rules  for  the  proper  lamination  of 
structure  are  different  in  the  different  parts ;  for  in  the  arma- 
ture core  it  is  desired  to  cut  off  all  circulation  of  current  that 
might  be  induced  parallel  to  the  armature  conductors ;  and  in 
the  armature  conductors  it  is  desired  to  cut  off  all  flow  of 
current  from  one  side  or  edge  of  the  conductor  to  the  other. 
The  planes  of  lamination  must  of  course  be  arranged  to  cut 
right  across  the  direction  in  which  the  parasitic  current  might 
otherwise  flow.  Now  since  (see  p.  22)  the  direction  of  the 
induced  electromotive-force,  the  direction  of  the  motion,  and 
the  direction  of  the  magnetic  lines  are  all  three  at  right  angles 
to  one  another,  it  suflices  in  each  case  to  describe  the  plane 
of  lamination,  by  stating  to  which  of  these  three  directions  it 
must  be  normal.  It  will  then  contain,  or  be  parallel  to,  the 
other  two  directions. 

*  Berlin  Academy,  Bmchte^  Nov.  i8,  1 880;  and  EUktroUchnisehe  Zdtschrift^ 
ii.  174,  May  1881 ;  also  vol.  ix.,  Nov.  and  Dec,  1888. 

'  Meaning  the  number  of  revolutions  by  which  the  actual  speed  exceeds  the 
number  needed,  in  the  absence  of  all  reactions,  to  produce  the  electromotive-force» 

'  Clausius  has  introduced  terms  into  his  equations  {fVud,  Ann.,  xx.  354, 
1883  ;  and  i%i7.  Mag.,  series  5,  xvii.  46  and  119,  1883)  to  include  the  effects  of 
the  eddy-currents.  They  have  also  been  theoretically  treated  by  H.  Lorberg 
( H^icd.  Ann,,  xx.  p.  389,  1887). 
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It  will  be  noticed  that  the  lamination  for  the  polar  masses 
is  the  same  as  for  the  core ;  so  that  the  polar  masses  are 
virtually  continuations  of  the  core-dislcs. 

The  necessity  for  dividing  the  cores  of  drum  armatures 
and  of  ring  armatures  {if  cylindrical,  not  discoidal)  into  core- 
disks,  may  be  illustrated  as  follows  : — In  any  conductor  rising 
in  the  left-hand  gap-space  there  will  be  generated  an  electro- 
motive-force tending  from  back  to  front  Hence  if  the  core 
were  of  solid  iron,  a  current  would  flow  forwards  along  the 
outer  part  of  the  core  on  the  left,  and  back  along  the  outer 
surface  on  the  right.  Division  of  the  core  into  disks  will 
obviously  minimise  such  currents.  It  will  not,  however. 
Fig.  72. 


Eddy-curssnts  in  Cokx-dises. 
entirely     eliminate     them,    for    as    Fig.    72    shows    in   the 
sectional   view   of  the  core-disks,   it   is  possible   for  eddy- 
currents  to  flow  in  the  substance  of  these.    As  a  matter  of 
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fact  it  is  found  that  if  they  are  too  thick,  or  are  not  properly 
insulated  from  one  another,  they  heat :  and  the  heating  is 
mainly  at  the  outer  surface,  where  the  eddies  are  strongest. 
As  a  general  rule  it  may  be  said  that  core-disks  should  not 
exceed  2  millimetres  in  thickness.  The  same  thickness  is 
suitable  for  the  ribbon  cores  of  discoidal  rings.  The  new- 
laminated  armature  of  the  Brush  arc-light  machine.  Fig.  303, 
p.  462,  when  used  in  place  of  the  old  solid  armature,  Fig.  302, 
was  found  to  diminish  greatly  the  number  of  "  dead  turns," 
besides  saving  much  energy  previously  lost  in  heating. 

With  ring  armatures  that  have  an  internal  field  (see  p.  jG) 
similar  eddies  will  be  set  up  in  the  driving  spindle  and  in 
the  metal  arms  that  support  the  core;  wasting  power  and 
heating  them. 

If  there  is  a  stray  magnetic  field  leaking  from  the  flanks 
of  the  polar  masses  into  the  flat  surface  of  the  end-discs  of 
the  core,  eddy-currents  will  also  be  set  up  in  the  latter.  This 
can  be  obviated  by  making  the  total  axial  length  of  the 
armature  core  rather  greater  than  the  length  of  the  polar 
masses  parallel  to  the  axis. 

Eddy-currents  in  Pole-pieces. — If  the  masses  of  iron  in  the 
armature  are  so  disposed  that  as  it  rotates,  the  distribution  of 
the  lines  of  force  in  the  narrow  field  between  the  armature 
and  the  pole-piece  is  being  continually  altered,  then,  even 
though  the  total  amount  of  magnetism  of  the  field-magnet 
remains  unchanged,  eddy-currents  will  be  set  up  in  the  pole- 
piece  and  will  heat  it.  This  is  «hown  by  Figs.  73  to  78,  which 
represent  the  effect  of  a  projecting  tooth,  such  as  that  of  a 
Pacinotti  ring,  in  changing  the  distribution  of  the  magnetism 
of  the  pole-piece.  Figs.  76  and  7J  (corresponding  respectively 
to  Figs.  74  and  75)  show  the  eddy-currents,  grouped  in  pairs 
of  vortices.  The  strongest  current  flows  between  the  vortices 
and  is  situated  just  below  the  projecting  tooth,  where  the 
magnetism  is  most  intense ;  it  moves  onward  following  the 
tooth.  Fig.  78  shows  what  occurs  during  the  final  retreat  of 
the  tooth  from  the  pole-piece.  These  eddy-currents  penetrate 
into  the  interior  of  the  iron,  although  to  no  great  depth. 
Clearly  the  greatest  amount  of  such  eddy-currents  will  be 
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generated  at  that  part  of  the  pole-piece  where  the  magnetic 
perturbations  are  greatest  and  most  sudden,  A  glance  at 
Figs.  63, 67 y  77,  and  78  will  at  once  tell  us  that  this  should  be 
at  the  "  leading  "  comer  or  "  horn  "  of  the  pole-piece  of  the 


Fig.  73. 


Fig.  74. 


Fig.  75. 


Altxration  of  Magnetic  Field  due  to  Movement  of  Mass  of  Iron 

IN  Armature. 


Fig.  76. 


Fig.  77. 


Fig.  78. 


EODT-CURRBNTS     INDUCED     IN     POLE-PIECES    BY     MOVEMENT     OK    MASSES 

OF  Iron. 

generating  dynamo.  As  a  matter  of  fact,  when  any  dynamo 
which  has  homed  pole-pieces  (such  as  the  Gramme)  has  been 
ninning  for  some  time  as  a  generator  this  is  found  to  be  the 
case.  The  **  leading  "  horns  a  and  c^  of  Fig.  79,  are  found  to 
be  hot,  whilst  the  "  trailing  '*  horns  b  and  d  are  found  to  be 

H  2 
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comparatively  cool.  When  the  dynamo  is  used  as  a  motor, 
the  reverse  is  found  to  be  the  case :  the  "  leading "  horns  a 
and  c  are  cool,  the  "trailing"  horns  b  and  d  are  hot  A 
reference  to  the  magnetic  field  of  the  motor,  as  drawn  in 
Chap.  XX.,  will  explain  the  latter  case. 

Closely  connected  with  this  effect  is  another,  first  pointed 
out  to  the  author  by  M.  Cabanellas.  A  Gramme  magneto 
machine  with  permanent  magnets  is  observed  to  lose  power 
during  its  use   as  a  motor;   the  field-magnets  decrease  in 


strength.     If,  then,  it  is  used  as  a  generator,  the  field-magnets 
regain  their  magnetism.    The  effect  is  explicable  ^  when  the 

>  The  following  explanation  was  given  by  the  author  at  the  Intematioiial 
•Conference  of  Electricians  at  Philadelphia,  1884  (see  report  in  Electrical  Revitw^ 
Dec.   13,   1884).     '*To  explain  these  facts,  and  their  mutual  relation,  I  must 
relate  one  other  observation  which  I  have  made,  and  which  connects  both  sets 
'  of  facts Suppose  you  take  a  hoise-shoe  magnet,  having  the  usual  arma- 
ture or  '  keeper '  of  iron.     You  can  purchase  such  an  instrument  of  any  optician, 
^ho  will  probably  give  you  instructions  never  to  pull  the  armature  off  suddenly 
for  fear  you  injure  the  magnetism.     He  could  not  possibly  give  you  worse  direc- 
tions.   Take  such  a  magnet  and  try  what  the  effect  really  is.     Fasten  it  down 
upon  a  board  with  brass  screws,  and  fix  a  magnetometer  near  it — a  common 
compass  will  answer — and  notice  how  much  the  magnet  pulls  the  needle  round. 
Then  put  on  the  armature,  by  placing  it  at  the  bend  of  the  magnet ;  draw  it 
slowly  to  its  usual  position,  and  suddenly  drag  it  off.    You  will  find  that  by  this 
action  your  magnet  will  have  grown  stronger.     Do  this  twenty  times,  and  you 
will  make  it  considerably  stronger.    I  have  made  a  magnet  I  *2  per  cent,  stronger 
by  putting  on  the  armature  very  genUy  and  pulling  it  off  suddenly.    If  you  reverse 
the  operation,  by  letting  the  armature  slam  suddenly  against  the  poles  and  then 
detaching  it  gently,  you  will  find  that  the  magnetism  will  go  down.     I  have  made 
magnets  lose  i  *  3  to  2*  i  per  cent,  in  this  way.    Why  does  this  oceor  ?    How  does 
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magnetizing  effect  of  the  eddy-currents  is  taken  into  con- 
sideration. 

Effects  of  Mutual  Induction, — Some  forms  of  armature  are 
peculiarly  defective  in  the  matter  of  being  so  constructed  as 
to  allow  of  much  induction  between  neighbouring  sections 
or  parts  of  the  coil,  causing  the  rise  of  the  current  in  one 
section  to  exert  an  opposing  induction  on  a  neighbouring 
section,  and  thereby,  though  not  necessarily  wasting  any 
eneigy,  making  the  machine  act  as  if  it  were  a  smaller 
machine.  The  Biirgin  armature,  which  had  six  or  eight  rings 
side  by  side  on  one  spindle,  suffered  from  induction  between 
each  section,  and  those  belonging  to  the  rings  on  the  right 
and  left  of  it ;  and  it  was  only  by  a  careful  alternation  of 
positions  that  this  defect  was  mitigated.  In  disk  armatures 
of  the  Niaudet  and  Wallace-Farmer  type  each  of  the  parallel 
coils  acted  inductively  on  its  neighbour.  Beyond  doubt  the 
armature  with  least  of  this  defect  is  the  drum  armature. 
Clausius  has  shown  ^  that  after  a  section  has  been  short- 


it  explain  the  two  phenomena  noticed  just  now  ?  If  you  suddenly  take  away  a 
piece  of  iron  from  a  magnet,  yon  do  work  against  the  magnetic  attraction,  and 
the  induced  currents  which  are  set  up  in  the  iron  or  steel  of  the  magnet  are 
always  (as  we  know  from  Lenz's  Law)  in  such  a  direction  as  to  oppose  the  motion  ; 
that  is  to  say,  they  are  in  such  a  direction  as  will  make  the  magnet  pull  more 
strongly  than  before.  By  suddenly  detaching  the  armature,  we  magnetise  the 
magnet  more  stcongly  than  before,  by  means  of  currents  circulating  within  its 
own  mass  and  within  the  mass  of  the  armature.  In  the  reverse  motion,  when 
you  allow  the  armature  to  slam  up,  there  are  induced  currents  which  are  in  such 
a  direction  as  to  oppose  the  motion  of  slamming ;  they,  therefore,  decrease  the 
magnetism  of  the  magnet.  Apply  this  to  the  dynamo  and  to  the  motor.  You 
magnetize  more  highly  by  pulling  off  the  armature.  That  is  precisely  what  is 
occurring  in  the  field  when  the  machine  is  being  used  as  a  generator.  You  are 
dragging  away  the  armature  from  the  active  horn  a  of  the  pole-piece,  and  the 
effect  is  to  generate  induced  currents  in  that  horn.  It  therefore  gets  hot  So 
does  the  other  leading  horn  r,  for  the  very  same  reason.  In  the  case  of  the  motor 
the  horns  ^  and  d  are  the  active  ones,  and  the  armature  is  being  continually 
dragged  up  toward  them,  and  they  get  hot  from  internally  induced  currents.  It 
is  for  this  reason  that  in  my  Cantor  Lectures  I  recommended  that  pole-pieces  • 
should  always  be  laminated.  The  presence  of  these  induced  currents  explains 
the  heating  effect,  and  it  also  explains  how  it  is  that  when  a  magneto  machine  is 
used  as  a  motor  the  magnet  is  weakened,  and  when  used  as  a  generator  the 
magnet  is  strengthened." 

*  Wiedemann's  Annalen^  Nov.  and  Dec  1883  ;  and  Phil,  Mag,^  Jan.  and 
Feb.  i8S4* 
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circuited  on  passing  a  brush,  it  exercises  a  deleterious  in- 
ductive effect  on  the  neighbouring  coil  in  advance  of  it,  and 
that  this  effect  is  proportional  to  the  number  of  turns  in  the 
section.  It  can,  therefore,  be  diminished  by  increasing  the 
number  of  sections,  thereby  diminishing  the  number  of  turns 
of  wire  in  any  one  section  of  the  armature. 

Mutual  induction  between  adjacent  parts  is  of  enormous 
importance  in  alternate-current  machines  ;  and  indeed  every- 
where, throughout  dynamos  in  general. 

Lag  due  to  Self-Induction, — This  electric  inertia  of  the 
current  which  circulates  in  the  sections  affects  slightly  the 
lead  that  must  be  given  to  the  brushes,  and  it  also  reacts  on 
the  neighbouring  coils.  If  a  coil  is  short-circuited  too  early, 
before  it  reaches  the  neutral  point,  the  sudden  rush  of  its  own 
current  round  itself  tends  by  mutual  induction  to  stop  the 
current  in  the  coil  behind  it,  and  to  accelerate  the  inverse 
current  in  the  coil  in  front  of  it  These  actions  are  diminished 
by  increasing  the  number  of  sections  and  making  the  indi- 
vidual sections  consequently  smaller.  The  induction  even 
extends  to  the  iron  of  the  cores.  In  every  particle  of  the 
iron  at  the  moment  when  it  arrives  at  the  position  where  its 
magnetism  must  be  reversed,  an  internal  current  is  set  up 
which  retards  the  reversal  of  the  magnetism  and  makes  it 
apparently  lag  in  its  magnetization,  as  well  as  grow  Hot  This 
effect  can  also  be  diminished  by  properly  laminating  the  core 
and  arranging  it  so  that  its  magnetism  is  reversed  gradually 
instead  of  suddenly. 

Remedy  for  Induction  Troubles. — ^The  one  important  way 
of  diminishing  these  deleterious  reactions  is  happily  a  very 
simple  one.  It  is  clear  that  the  demagnetizing  effect  is  due 
to  the  lead  of  the  brushes,  and  this  again  is  due  to  the  cross- 
magnetizing  action.  This  therefore  must  be  compensated  or 
reduced  to  a  minimum  by  some  means.  It  has  been  shown 
that  the  electromotive-force  of  the  dynamo  is  proportional  to 
three  things,  the  number  n  of  revolutions  per  second,  the  total 
number  N  of  magnetic  lines  in  the  effective  field,  and  the 
number  C  of  conductors  around  the  armature.  Now,  for  a 
given  size  of  armature,  the  inductive  reactions  are  proportional 
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to  C  If  we  can  decrease  C  while  increasing  either  of  the 
other  terms,  we  may  thereby  decrease  the  deleterious  re- 
actions and  yet  keep  the  same  electromotive-force  as  before. 
Now  it  is  inconvenient  to  increase  the  speed,  and  moreover 
some  of  the  deleterious  reactions,  mechanical  (such  as  friction) 
as  well  as  electrical,  increase  when  the  speed  increases.  The 
only  way  then  is  to  increase  N,  the  number  of  magnetic  lines 
in  the  effective  magnetic  field.  This  can  be  done  by  having 
enormously  strong  field-magnets  which  will  entirely  over- 
master the  armature.  If  the  field-magnets  are  large,  and  of 
wrought  iron,  and  if  there  is  plenty  of  iron  in  the  armature 
core,  then,  without  increasing  the  speed,  we  may  get  the  same 
electromotive-force  while  using  fewer  turns  of  wire  on  the 
armature.  The  ideal  dynamo  of  the  future  for  constant 
pressure  work  will  have  but  one  turn  of  wire  to  each  section. 
It  will  have  practically  no  lead  at  the  brushes,  will  not  spark, 
and  its  internal  resistance  will  be  practically  nil. 

It  is  also  important  to  observe  that  distortion  of  the 
magnetic  field  and  some  of  the  resulting  troubles  can.  be 
partially  obviated  by  so  shaping  the  polar  surfaces  that  they 
come  nearer  to  the  armature  at  the  region  at  right  angles  to 
the  diameter  of  commutation ;  the  pole-pieces  being  cut  away 
so  as  to  give  a  wider  clearance  at  the  outer  edges.  It  is 
obviously  possible  by  proper  shaping  to  produce  concentration 
of  the  magnetic  lines  at  any  desired  region  of  the  magnetic 
•ield  Ryan  ^  has  made  a.  special  study  of  the  relation 
between  the  polar  shape,  the  breadth  of  the  gap-space,  and 
the  resulting  curve  of  inducefl  electromotive-force. 

'  Am£r.  Inst,  Electrical  Engineers^  Sept.  22,  1891. 
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CHAPTER  V. 

MECHANICAL  ACTIONS  AND  REACTIONS  IN   THE 

ARMATURE. 

Whenever  a  conductor  carrying  an  electric  current  lies  in  a 
magnetic  field  across  the  direction  of  the  magnetic  lines,  it 
experiences  a  mechanical  force.  This  force  always  tends  to 
drag  the  conductor  sideways  out  of  the  field,  and  acts  in  a 
direction  at  right  angles  to  the  magnetic  lines  and  at  right 
angles  to  the  conductor  itself.  Rules  for  remembering  the 
relation  between  the  directions  of  the  magnetic  lines,  the 
current,  and  the  resulting  force,  have  been  given  by  various 
writers.  The  most  convenient  rule  is  that  of  Fleming,  in 
which  the  three  directions  are  represented  respectively  by  the 
fore-finger,  the  middle-finger,  and  the  thumb  of  the  left  hand.^ 
In  a  motor  it  is  this  drag  on  the  conductors  which  drives  the 
armature  mechanically.  In  a  dynamo  the  drag  acts  against 
the  driving  power  of  the  steam-engine  and  opposes  the 
rotation.  When  a  mechanical  engineer  first  considers  a 
dynamo  he  is  often  puzzled  to  understand  what  there  is  in  it 
that  necessitates  so  much  driving  power.  He  sees  the 
armature  revolving  with  ample  clearance  between  the  polar 
faces  of  the  field-magnet.  The  friction  of  the  bearings  does 
not  absorb  more  than  a  minute  fraction  of  the  horse-power 
delivered  by  the  engine.  He  sees  the  brushes  pressing 
against  the  copper  commutator,  but  knows  that  their  friction 

'  Contrast  with  p.  23,  where,  for  the  current  generated  m  a  dynamo  the  right 
hand  is  used.  Remember  that  in  a  dynamo  the  direction  of  the  current  agrees 
with  that  of  the  induced  electromotive-force,  whereas  in  a  motor  the  current  flows 
against  the  induced  electromotive-force.  Further,  in  the  dynamo  the  mechanical 
drag  acts  against  the  direction  of  motion,  whereas  in  a  motor  the  drag  produces 
the  motion  in  the  same  direction  as  itself.  Hence  the  use  of  right  hand  for 
dynamo,  left  hand  for  motor,  to  give  the  relation  between  magnetism,  current, 
and  motion. 
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is  also  a  negligible  quantity ;  moreover  he  is  soon  informed 
that  friction  has  nothing  to  do  with  the  operation  of  the 
machine.  Where  does  the  power  go  to?  What  is  it  that 
requires  such  a  force  to  be  continually  exerts  to  keep  up  the 
rotation  ?  The  answer  is,  that  there  is  a  continual  drag  of  the 
invisible  magnetic  lines  on  the  conductors  through  which  the 
current  is  flowing  :  that  the  generation  of  the  current  depends 
on  the  conductors  being  forced  across  the  field  that  drags 
at  it  In  every  form  of  apparatus  generating  currents  by 
magneto-electric  induction,  the  currents  generated  produce  a 
mechanical  reaction  tendii^  to  stop  the  very  motion  that 
generates  them. 

The  drag  of  a  magnetic  field  upon  a  conductor  that 
carries  a  current  may  be  considered  from  the  magnetic  point 


Magnetic  Field  of  a  Stkaight  Conddctok  cakrvinc  a  Cifilkent. 


of  view.  As  pointed  out  on  p.  26,  above,  such  a  conductor 
is  surrounded  by  a  whirl  of  magnetic  lines.  Around  a  long 
straight  conducting  wire  not  placed  in  any  magnetic  6eld, 
these  magnetic  lines  form  a  system  of  concentric  circles  (see 
Fig,  1 3,  p.  27)  which  are  close  tc^ether  near  the  conductor,  and 
wider  apart  at  a  distance  away,  resembling  Fig.  80  in  general 
disposition. 

If  the  current  is  coming  towards  the  observer,  or  up,  in 
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the  figure  which  shows  a  cross-section  of  the  conductor,  the 
positive  direction  along  the  magnetic  lines  will  be  left-handed 
or  counter-clock-wise.  If  now  such  a  conductor  be  placed  in 
a  uniform  magnetic  field — one,  for  example,  between  a  large 
north  magnetic  pole  on  the  right  and  a  south  magnetic  pole 
on  the  left,  a  compound  field  will  be  produced,  due  to  the 
blending  of  the  magnetic  lines  of  the  conductor  with  those  of 
the  field.     In   considering  this   distorted   magnetic   field   it 

Fig.  8i. 


Magnetic  Lines  due  to  Conductor  carrying  Current  placed  in 

Magnetic  Field. 

should  be  remembered  that  the  mechanical  actions  that  result 
may  always  be  known  by  supposing  the  magnetic  lines  to  act 
as  elastic  cords  tending  to  shorten  themselves.  There  is  in 
fact  a  tension  along  the  magnetic  lines  and  a  pressure  at  right 
angles  to  them,  both  proportional  at  every  point  to  the  square 
of  their  density.  A  mere  inspection  of  the  lines  of  Fig.  8i 
will  accordingly  show  that  there  will  be  a  resultant  drag  upon 
the  conductor  in  the  direction  shown  by  the  dotted  arrow. 
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The  actual  magnetic  field  produced  around  a  conducting 
wire  in  a  magnetic  gap  between  two  poles,  as  revealed  by 
iron  filings,  is  shown  in  Fig.  82. 


Actual  Mackbtic  Field  around  Condctcting  Wise  in  Maonetic  Gaf. 

We  may  consider  Fig.  82  as  approximately  representing 
that  which  goes  on  in  a  dynamo,  or  in  a  motor,  in  each  of  the 
gap-spaces  between  the  armature  core  and  the  adjacent  polar 
face.  Each  conductor  on  the  armature  will  be  similarly 
draj^ed  by  a  force  proportional  to  the  intensity  of  the 
m^etic  field  and  to  the  strength  of  the  current. 

Torque  and  Speed. — Engineers  recognise  that  power,  being 
the  rate  of  expending  energy  or  of  doing  work,  can  always 
be  expressed  as  the  product  of  two  factors.  In  the  case  of 
rectilinear  motion,  the  power  may  be  expressed  as  the  product 
of  force  and  speed.  For  example,  if  the  force  pulling  along  a 
belt'  be  equal  to  the  weight  of  66  pounds,  and  the  belt-speed 
be  2000  feet  per  minute,  the  amount  of  power  it  is  delivering 
is  [32,000  foot-pounds  per  minute,  or  4  horse-power. 

'  Or  more  preciiely,  the  difTercnce  between  tlie  forces  'nU^  4glil  and  Al0: 
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But  the  power  may  be  equally  well  expressed  in  terms  of 
angular  force  {i,  e,  torque)  and  angular  speed  ;  and  these 
quantities  are  more  convenient  in  the  case  of  power  trans- 
mitted along  a  rotating  shaft. 

The  useful  term  torque^  now  generally  accepted  by  engineers,  was 
originally  suggested  by  Professor  James  Thomson,  then  Professor  of 
Mechanical  Engineering  in  the  University  of  Glasgow.  It  is  the  same 
thing  as  that  which  has  gone  by  the  names  of  "  turning  moment," 
"  moment  of  couple,"  "  axial  couple,"  "  angular  force,"  "  axial  force," 
in  German  by  that  of  "  Zugkraft, "  and  in  French  by  those  of  "  effort 
statique,"  and  "  couple  m^canique.*'  Torque  is  preferable  in  many 
ways  to  any  of  the  older  terms.  Just  as  the  Newtonian  definition  of 
force  \&  that  which  produces  or  tends  to  produce  motion  (along  a 
line),  so  torque  may  be  defined  as  that  which  produces  or  tends  to 
produce  torsion  (around  an  axis).  It  is  better  to  use  a  term  which 
treats  this  action  as  a  single  definite  entity  than  to  use  terms  like 
"  couple  "  and  "  moment,"  which  suggest  more  complex  ideas.  The 
single  notion  of  a  twist  appUed  to  turn  a  shaft  is  better  than  the 
more  complex  notion  of  applying  a  linear  force  (or  a  pair  of  forces) 
with  a  certain  leverage. 

For  torque  we  shall  use  the  symbol  T.  If  force  /  acts 
with  leverage  (/.  e.  radius)  f,  the  torque  is  equal  to/  x  r.  If 
the  force  is  in  pounds'  weight  and  radius  in  feet,  the  torque 
will  be  expressed  in  pound-feet ;  i,  e,  in  terms  of  the  number 
of  pounds,  which,  acting  with  a  leverage  of  one  foot,  would 
produce  an  equal  tendency  to  turn.  If  force  is  given  in  dynes 
and  radius  in  centimetres,  the  torque  will  be  expressed  in 
dyne-centimetres.     (See  Appendix  A,  on  Units.) 

In  order  to  bring— 

dyne-centimetres  to   gramme-centimetres,  divide  by  981 

dyne-centimetres  to  metre-kUogrammes,    divide  by  981  x  10* 

dyne-centimetres  to  ponnd-feet,  divide  by  13*56  x  lo^ 

pound-feet  to  metre-kilogrammes,    divide  by  7 '  23 

Angular  speed  is  commonly  expressed  by  engineers  in 
terms  of  the  number  of  revolutions  per  minute,  or,  sometimes, 


Mechanical  Actions  and  Reactions.  109 

of  revolutions  per  second.  The  scientific  mode  is  to  express 
it  in  radians  per  second.  (The  radian  is  that  angle  whose  arc 
equals  the  radius ;  so  that  2  ir  radians  equal  one  revolution  or 
360^).  The  symbol  for  angular  speed  is  ©,  so  that  if  n 
represents  the  revolutions  per  second,  ©  =s  2  w  «. 
In  order  to  bring : — 

revolutions  per  minute  to  revolutions  per  second,  divide  by  60 

revolutions  per  second  to  radians  per  second,        multiply  by  2  t 

revolutions  per  minute  to  radians  per  second,       divide  by  9 '  55 

radians  per  second  to  revolutions  per  minute,  multiply  by  9*55 

We  have  then  the  following  relations  between  linear  force/, 
linear  speed  v,  torque  T,  angular  velocity  ©,  radius  r,  revolu- 
tions per  second  «,  and  power  w. 

The  power  w  will  be  expressed  in  ergs  per  second^  if  v  is 
given  in  centimetres  per  second  and  /  in  dynes ;  or  if  T  is 
given  in  dyne-centimetres.  If  T  is,  in  pound-feet,  w  will  be 
expressed  in  foot-pounds  per  second. 

In  order  to  bring : — 

ergs  per  second  to  watts,  divide  by  10' 

ergs  per  second  to  kilogramme-metres  per  second,  divide  by  9 '81  x  lo^ 

ergs  per  second  to  foot-pounds  per  second,  divide  by  1*356  x  lo' 

ergs  per  second  to  horse-power,  divide  by  746  x  io7 

watts  to  horse-power,  divide  by  746 

watts  to  chevaux-vapeur,  divide  by  736 

'    watts  to  foot-pounds  per  second,  divide  by  1*356 

watts  to  kilowatts,  divide  by  loco 

kilowatts  to  horse-power,  multiply  by  1*345 

Output  of  Dyna^nos  and  Motors, — ^A  good  dynamo  will 
convert  over  90  per  cent,  of  the  mechanical  power  supplied  to 
it  into  electric  power.  Similarly  a  good  motor  will  convert 
over  go  per  cent,  of  the  electric  power  supplied  to  it  into 
mechanical  power.  Both  mechanical  power  and  electric 
power  may  be  expressed  in  terms  of  the  same  units,  either  in 
horse-power^  or  in  watts^  or  in  kilowatts, 

r-  Approximate  calculations  of  the  horse-power  required  for  a 
dynamo  of  any  prescribed  output  are  readily  made.     Multi- 
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plying  the  number  of  amperes  i  of  current  which  the  dynamo 
is  to  yield,  by  the  number  of  volts  e  of  pressure  at  which  the 
current  is  supplied,  gives  the  output  in  watts.  Dividing  by 
746  gives  the  corresponding  electric  horse-power,  which  will 
be  about  90  per  cent,  of  the  mechanical  horse-power  to  be 
supplied  to  the  shaft  of  the  dynamo. 

Example :  A  dynamo  is  required  to  furnish  300  amperes  (to  light 
600  glow  lamps)  at  ^  pressure  of  105  volts.  Output  is  31,500  watts 
=  42*2  horse-power  (electrical).  Therefore  allow  46*9,  or  say  50 
(mechanical)  horse-power. 

In  the  converse  way  we  may  calculate  the  requisite  supply 
of  electric  power  to  a  motor. 

Example:  A  motor  is  required  to  give  an  actual  output  of  5  horse- 
power. Multiplying  by  746,  we  find  it  must  give  out  3730  watts  as 
mechanical  power ;  which  will  be  about  90  per  cent  of  the  electrical 
power  supplied  to  it.  This  will  therefore  need  to  be  about  4144  watts. 
If  the  supply  is  from  mains  that  are  at  a  pressure  of  200  volts,  the 
current  required  will  consequently  be  a  little  over  21  amperes. 

Relation  between  Torque  and  Current, — Since  the  electric 
power  given  out  by  the  armature  of  a  dynamo  is  the  product 
of  two  factors — volts  and  amperes — and  the  mechanical 
power  supplied  to  it  by  the  rotating  shaft  is  also  the  product 
of  two  factors — speed  and  torque — it  becomes  a  matter  of 
some  interest  to  ascertain  whether  there  is  any  direct  relation 
between  the  factors  themselves.  Let  E  stand  for  the  volts 
generated  in  the  armature,  and  4  for  the  amperes  flowing 
through  it.  We  may  then  equate  the  two  separate  ex- 
pressions for  the  number  of  watts  of  power  supplied  to  and 
furnished  by  that  armature  as  follows  : — 

watts  =  E  /«  =  2  -w ;« T  x  i '  356 ; 

where  T  is  given  in  pound-feet ;  n  in  revolutions  per  second  ; 
E  the  whole  volts  generated  by  the  armature ;  and  4  the 
whole  amperes  flowing  through  the  armature.  But  E  is  pro- 
portional to  the  speed   if  the  magnetism  is  constant,  the 
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fundamental  expression  for  it  being  (see  pp.  47  and  21 1),  for 
an  ordinary  two-pole  machine, 

E  =  «  C  N  -7-  io« ; 

where  C  is  the  number  of  conductors  around  the  armature, 
and  N  the  magnetic  flux  through  its  core.  Inserting  this 
value  for  E,  and  cancelling  n  from  both  sides,  we  get : 


=  27rT ; 


8 


whence 


1-356  X  10' 


C  N  4 

— 5  =  T  (in  pound-feet).* 


8-52  X  ID* 


From  this  it  appears  that  if  in  a  given  machine  the 
magnetism  is  constant,  the  torque  depends  in  no  wise  upon 
the  speed,  but  only  upon  the  current  flowing  through  the 
armature,  and  on  the  magnetism. 

These  expressions  apply  equally  to  dynamos  and  to 
motors.  They  show  that  if  it  is  desired  to  build  slow-speed 
machines  provision  must  be  made  for  a  very  large  magnetic 
flux  ;  for  only  by  making  N  large  can  the  dynamo  at  slow 
speed  yield  the  requisite  volts,  or  the  motor  exert  the  needful 
torque. 

Drag  on  Armature  Conductors. — We  are  now  in  a  position 
to  understand  that  the  drag  really  comes  on  the  armature 
conductors.  In  the  dynamo  it  is  they  that  have  to  be  driven, 
in  the  motor  it  is  they  that  drive.  We  may  at  once  proceed 
to  calculate  the  amount  of  such  drag.  There  are  three 
methods  of  doing  this :  two  being  electrical  and  one  a  purely 
mechanical  calculation. 

Method  L — By  the  last  formula  the  torque  is  calculated  ; 
and  from  this  the  total  peripheral  force  is  found  by  dividing 
by  the  known  radius  of  the  armature.  Hence  the  force 
per  conductor  is  obtained  by  dividing  by  the  number  of  active 
conductors. 

*  If  T  is  desired  in  metie-kilogramines,  the  diTisor  on  the  left  most  be  replaced 
bf  the  valtte  61*5  x  10*. 
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Example  in  the  Edison-Hopkinson  dynamo  (p.  413).  u  =  326  ; 
C  =  80  j  N  =  10,850,000  ;  radius  =  0*458  ft;  whence  T  =  332 
pound-feet,  and  total  peripheral  force  =  724*7  pounds.  This  would 
give  about  9  pounds  average  force  per  conductor  if  all  were  active ; 
but  only  about  58  of  them  are  in  the  magnetic  field  at  one  time ; 
hence,  the  average  force  per  conductor  is  about  121^  pounds.  If  the 
magnetic  field  in  the  gap-spaces  is  not  uniform  there  comes  a  stronger 
drag  on  those  conductors  which  lie  in  the  place  where  the  magnetic 
lines  are  densest. 

Method  II. — The  drag  on  a  conductor  of  length  /,  in  a 
magnetic  field  of  intensity  H,  carrying  current  of  i  amperes,  is 

/(dynes)  =  ^7  H-f- 10. 

This  formula^  is  only  applicable  if  H,  the  density  of  the  field 
in  the  gap-space,  is  known.  If  /"  and  H^,  are  given  in  inch 
measures  (see  p.  142),  the  formula  becomes 

/(pounds)  =  irW,,-^  11,303,000. 

Example^  as  before :  Current  in  any  one  conductor  will  be  J  4  = 
163  amperes;  H'  =  20",  and  H^,  =  about  43,300  Unes  per  square 
inch,  the  area  of  the  gap>space  being  about  250  square  inches. 
Whence  drag  on  each  conductor  =  12*49  pounds. 

Method  III. — Ascertain  actual  horse-power  on  armature  ; 
multiply  by  33,000  to  reduce  to  foot-pounds  per  minute,  and 
divide  by  the  peripheral  speed  (in  feet  per  minute).  [The 
horse-power  may  be  reckoned  from  the  electrical  output  as 
on  p.  1 10.]  Then  divide  by  the  number  of  active  conductors. 
Or,  in  symbols, 

xi         ji         A  A    4.    \        H.P.  X  33,000 

/  (pounds  av.  drag  per  conductor)  =  ft.  per  min.  x  C ' 

Example^  same  as  before:  Since  i.  =  326,  and  E  =  108*5  volts, 
H.P.  =  326  X  108 •  5  -r  746  =  47  •  45-  Also  periphery  =  2  ?r  x  radius 
=  2*88  ft.  This,  at  750  revs,  per  minute,  gives  2158  ft  per  min.  as 
peripheral  speed.    Assuming  fifty-eight  conductors  to  be  active,  we  get 

47*45  X  33000 
av.  force  on  each  conductor  = — — vg    ^o — =  12-5  pounds. 

^  To  give/in  kilogrammes,  the  divisor  10  must  be  replaced  by9,8io»ooo. 
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A  convenient  approximate  rule  may  be  given  as  follows : — 
If  we  assume,  as  a  sort  of  rough  average  for  the  magnetic 
field  in  the  gap-space  of  a  dynamo  or  motor,  the  value  of 
40,000  lines  to  the  square  inch,  or  say  6300  lines  per  square 
centimetre,  then  the  drag  per  inch  of  conductor  will  be  0*00354 
pound  for  each  ampere  of  current  carried.  In  alternate-current 
dynamos  the  intensity  of  the  field  is  seldom  more  than  half  as 
great  as  this. 

Such,  then.  Is  the  drag  that  magnetic  fields  exert  upon  the 
armature  conductors ;  and,  it  must  be  remembered  that  the 
drag  is  not  a  steady  one.  When  the  conductor  emerges  from 
the  gap-space,  though  there  is  still  a  current  in  it,  the  magnetic 
drag  is  taken  off.  Twice,  therefore,  in  each  revolution  this 
drag  is  suddenly  removed  and  suddenly  put  on  again,  increasing 
the  racking  action.  In  the  case  of  alternate-current  machines 
where  the  relation  of  phase  between  the  currents  and  the 
magnetic  fields  complicates  the  matter,  the  drag  is  not  simply 
taken  off  and  put  on  twice  in  each  complete  period,  but  is 
actuaUy  reversed ;  the  armature  conductors  being  driven  with 
a  back  drag  on  them,  then  experience  a  forward  drag  and 
tend  to  drive,  then  once  more  are  driven,  and  again  tend  to 
drive  as  the  current  reverses.  In  the  alternate  current  machine 
acting  as  generator  the  intermediate  forward  drags  are  slight 
and  of  short  duration  ;  in  the  machine  acting  as  motor  it  is  the 
backward  drags  that  are  of  short  duration. 

It  must  further  be  remembered  that  the  conductors  of  the 
rotating  armature  are  also  subject  to  centrifugal  force,  and 
must  be  strongly  held  in  with  external  binding-wires  to  prevent 
them  from  flying. 

Need  of  Driving  Horns. — It  is  then  obvious  that  under  the 
mechanical  conditions  now  described  there  is  need  of  a  good 
positive  method  of  conveying  the  driving  power  from  the  shaft 
to  the  conductors  on  the  outside  of  the  armature.  In  the 
dynamo  it  is  they,  not  the  core-disks,  that  need  to  be  driven. 
In  the  motor,  it  is  they  that  drive  the  shaft.  In  the  design  and 
construction  of  machines  this  is  a  matter  of  prime  importance. 
The  question  of  construction  is  complicated  by  the  considera* 
tion  that  whilst  the  copper  conductors  must  be  mechanically 
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connected  to  the  shaft  in  the  most  positive  way,  they  must 
not  be  metallically  connected,  but,  on  the  contrary,  must  be 
insulated  therefrom.  Different  constructors  adopt  different 
modes  of  accomplishing  the  end  in  view.  Some  makers  key 
on  to  the  shaft  a  strong  hub  provided  with  spokes  that  project 
beyond  the  surface  of  the  core-disks,  and,  protected  by  layers 
of  adequate  insulation,  thus  drive  the  copper  conductors. 
Others  secure  the  core-disks  mechanically  to  the  shaft,  and 
insert  wedges  of  wood  or  of  hard  fibre  info  nicks  in  the 
periphery  to  serve  as  driving  horns.  In  cases  where  toothed 
core-disks  are  used,  no  other  driving  horns  are  necessary,  the 
copper  conductors  being  wound  between  the  teeth.  Students 
of  design  should  carefully  examine  the  practical  modes  adopted 
by  modem  makers  described  in  Chapter  XIII. 

Curves  of  Torque, — It  was  shown  above  that  if  the  mag- 
netic flux  is  constant,  T  was  proportional  to  i.  But  in  all  cases 
the  current  in  the  armature  itself  distorts  the  magnetic  field, 
and,  when  the  brushes  are  set  at  a  non-sparking  point,  exerts  a 
demagnetizing  action.  And,  in  fact,  the  magnetism  of  the 
machine  depends  on  its  mode  of  winding,  whether  excited 
separately,  or  in  series,  or  in  shunt.  These  matters  complicate 
the  relations  between  T  and  /,  and  necessitate  the  use  of  curves 
to  follow  them  out. 

Frolich  has  given  ^  such  curves  showing  these  relations, 
and  has  also  argued  from  the  law  of  magnetic  saturation  that 
these  curves  should  for  small  speeds  be  curved,  and  for  large 
speeds  become  nearly  straight  lines.  He  has  also  shown  that 
in  a  motor  the  torque  is  less  nearly  proportional  to  the 
current  than  in  a  generator.  The  following  tables  summarise 
the  results  of  his  experiments  on  a  series-wound  Siemens 
dynamo  used  in  both  functions : — 


Generator — 

Current 

..       2*83      9*56 

14*3      I9'8      24*3      366    amperes. 

Torque 

S'l       Io-6l 

14*8      21-3      29*6      44'o    kilos. 

Motor — 

Current 

13-3      2ro 

28*1      36*8    amperes.                                         j 

Torque 

10         20 

30          40        kilos,  at  circumference. 

*  E^ktrotcchntscke  Zaisckri/t,  iv.  61,  Feb.  1883. 
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These  results  are  plotted  out  in  Fig.  83  for  the  two 
cases.  Similar  curves  have  been  given  by  Deprez  ^  for 
the  Gramme  machine,  and  by  Ayrton  and  Perry  ^  for  a  De 
Meritens  motor.  It  can  be  shown  that  the  torque  is  pro- 
portional to  the  square  root  of  the  heat-waste  in  the  motor  or 
dynamo.  As,  moreover,  the 
current  in  a  motor  cannot  be  ^^^'  ^3' 

maintained  without  the  con- 
tinual expenditure  of  energy 
equal  to  i*  r  watts,  it  follows 
that  the  continuous  torque  in 
a  motor  costs  a  certain  ex- 
penditure, which  will  not  only 
vary  with  the  actual  load  on 
the  motor,  but  is  different  in 
different  types  of  motor.  In 
a  badly  designed  motor  with 
a  weak  field-magnet,  a  strong 
current  running  through  a 
high  internal  resistance  (and 
therefore  expending  much 
energy  as  heat)  will  produce  but  a  feeble  torque.  For  economy 
it  is  therefore  important  to  know  at  what  cost  in  heat  the 
torque  is  attained.  The  ratio  may  be  expressed  algebraically 
as 
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where  r  is  the  internal  resistance,  E  the  total  electromotive- 
force  of  the  dynamo,  and  n  the  number  of  revolutions  per 
second.  It  is,  however,  preferable  to  measure  T  by  a  direct 
dynamometric  process.  Marcel  Deprez,  who  has  given  to  this 
important  ratio  the  rather  awkward  name  of  the  "  price  of  the 
statical  effort,"  has  also  given  curves  showing  the  variation 
of  this  ratio  with  the  speed  at  which  the   machine  is   run. 

'  La  Lumiere  ilectrique^  zi.  42,  Jan.  5,  1884. 

•  Journal  Soc,  Tdeg,  Eng,  and  Electricians^  xii.  No.  49,  May  1883.      See  also 
Hmnmel,  EUctrotechnische  Zeiischrift,  viii.  427,  1887. 
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Professors  Ayrton  and  Perry  have  shown,  in  their  memoir  on 
electromotors,  that  as  the  speed  increases  it  requires  a  greater 
and  greater  current  through  the  motor  to  produce  a  given 
torque,  probably  in  consequence  of  the  demagnetizing  action 
of  eddy-currents. 

A  number  of  mechanical  characteristics^  giving  the  relations 
between  speed  and  torque  in  a  number  of  different  cases,  will 
be  found  in  Chapter  XX.  on  Motors. 

Stray  Power. — In  the  preceding  paragraphs  it  has  been 
assumed  that  the  mechanical  power  applied  at  the  shaft  to 
drive  the  armature  was  equal  to  the  electrical  power  actually 
generated  in  the  armature.  The  power  to  be  applied  at  the 
pulley  is,  however,  always  greater  than,  this  ;  for,  in  the  first 
place,  some  of  the  applied  power  is  lost  by  friction  in  the 
bearings,  &c.,  and  never  reaches  the  armature.  But  of  that 
which  actually  reaches  the  armature,  not  all  is  actually 
converted  into  electrical  power.  There  are,  beside  the  friction 
at  the  bearings  and  brushes,  three  sources  of  loss^  viz. :  (i)  air- 
friction,  (2)  hysteresis,  (3)  eddy-currents.  The  first  of  these 
is  insignificant,  except  in  those  cases  where  curved  spokes  are 
employed  with  the  object  of  making  the  armature  act  as  a 
fan,  and  even  then  is  small  The  second  is  by  no  means 
negligible,  but  seldom  adds  more  than  i  or  2  per  cent  to 
the  driving  power.  The  third  is  the  most  important  of  all, 
especially  in  large  machines.  In  all  the  moving  metal 
masses,  unless  laminated,  there  will  be  eddy-currents  set  up  if 
they  cut  magnetic  lines.  Even  in  the  metal  of  the  shaft, 
power  may  be  lost  from  this  cause  if  there  is  leakage  of 
magnetic  lines  into  it.  The  mode  of  investigating  the  sepa- 
rate sources  of  loss  is  described  in  Chapter  XXVIII.  on  the 
Testing  of  D)mamos  and  Motors.  Whatever  these  losses,  it  is 
evident  that  they  all  call  upon  the  supply  of  power :  for  the 
power  supplied  is  necessarily  equal  to  the  sum  of  the  power 
actually  converted  in  the  armature  into  electric  power,  and 
the  stray  power  wasted  in  the  ways  enumerated. 

Efficiency  oj  Dynamos  and  Motors. — Efficiency  is  a  term 
used  in  several  senses,  which  it  is  well  to  distinguish. 

(i)  Efficiency  of  Conversion  or  Gross  Efficiency,  is  the 


Mechanical  Actions  and  Reactions.  117 

relation  between  the  gross  electrical  power  actually  converted 
in  the  armature,  and  the  gross  mechanical  power  imparted  by 
belt  or  coupling  to  the  shaft  If  12  per  cent,  of  the  gross 
mechanical  power  is  lost  in  friction  at  the  bearings,  friction  at 
the  brushes,  air  friction,  hysteresis,  and  eddy-currents,  then 
the  remaining  88  per  cent  being  actually  converted  in  the 
armature,  we  should  describe  the  efficiency  of  conversion  as 
88  per  cent 

(2)  Electrical  Efficiency^  or  Economic  Coefficient j  is  the  ratio 
between  the  nett  electric  power  or  nett  output  of  the  dynamo, 
and  the  gross  electric  power,  or  power  actually  converted  in 
the  armature.  Thus,  if  in  a  shunt  dynamo  3  per  cent  of  the 
gross  electric  power  is  wasted  in  heating  the  resistance  of  the 
araiature,  and  another  3  per  cent  is  wasted  in  maintaining 
the  magnetizing  current  in  the  shunt  winding,  the  output  or 
nett  electric  power  will  be  only  94  per  cent  of  the  gross  electric 
power ;  or  the  electrical  efficiency  is  94  per  cent  This  ratio 
depends  only  on  the  resistances  of  the  machine.  In  modem 
machines  it  may  even  attain  97  per  cent 

(3)  Commercial  Efficiency  or  Nett  Efficiency,  is  the  ratio 
between  the  nett  electrical  output  and  the  gross  mechanical 
power  supplied  by  belt  or  coupling.  It  is  therefore  equal  to 
the  product  of  the  efficiency  of  conversion  and  the  electrical 
efficiency.  In  the  example  given  it  is  94  per  cent,  of  88  per 
cent,  or  82  '72  per  cent 

Relation  of  Size  to  Capacity  and  Efficiency. 

For  years  past  the  author  has  been  the  advocate  of  large 
dynamos,  not  because  he  has  any  admiration  for  mere  bigness, 
but  because,  as  in  steam-engines,  so  in  dynamos,  the  larger 
machines  may  be  made  more  efficient  than  the  small,  in 
proportion  to  their  cost.  There  has  been  a  considerable 
amount  of  controversy  upon  the  relation  that  subsists  between 
the  linear  dimensions  of  similar  machines  and  their  permissible 
output  and  their  efficiency ;  the  divergence  of  views  arising 
mainly  from  difference  of  opinion  as  to  the  assumptions  that 
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are  suitable  at  the  outset  In  the  first  edition  of  this  work 
the  author  laid  down  the  proposition  that  if  the  speed  of 
rotation  remains  the  same  and  the  intensity  of  the  magnetic 
field  (per  square  centimetre)  is  also  maintained  unchanged, 
then  the  output  of  a  machine  n  times  as  great,  in  all  linear 
dimensions,  as  any  given  machine,  would  be  increased  in  the 
proportion  of  tf^  and  the  coefficient  of  waste  would  be  in  the 
proportion  of  «~^  Now  though  this  may  be  d  priori  true  in 
the  abstract,  the  very  assumptions  made  for  the  sake  of 
simplification  are  opposed  to  actual  conditions  of  working ; 
for  it  is  inexpedient  to  drive  large  machines  at  the  same  speed 
as  small  ones  ;  and  to  procure  equal  magnetization  with 
large  magnets  wastes  more  energy  in  proportion,  on  account 
of  the  relatively  greater  difficulty  of  getting  rid  of  the  waste 
heat  from  the  magnetizing  coils,  the  energy  requisite  to  be 
spent  on  magnetizing  being  nearly  proportional  to  the  volume 
of  iron  to  be  magnetized,  and  the  power  of  getting  rid  of  the 
heat  being  only  proportional  to  the  surface.  Amongst  those 
who  have  discussed  the  problem  are  Hopkinson,  Frolich, 
Ayrton,  Mascart  and  Joubert,  Kapp,  Storch,  Rechniewski, 
and  Pescetto.  According  to  Hopkinson^  the  capacity  of 
similar  machines  is  proportional  to  the  cube  of  their  linear 
dimensions ;  the  work  wasted  in  magnetizing  the  field-magnets 
proportional  to  the  linear  dimensions,  whilst  that  wasted  in 
heat  in  the  armature  conductors  is  proportional  to  the  square 
of  the  linear  dimensions.  Mascart  and  Joubert^  place  the 
capacity  as  low  as  the  square  of  the  linear  dimensions,  and 
draw  the  conclusion  that  small  machines  are  preferable  to 
large  ones.  Pescetto^  arrives  at  similar  conclusions.  Rech- 
niewski^ follows  Hopkinson  in  assigning  n^  as  the  proportion. 
Frolich*  assigns  the  value  «*,  and  criticises  the  rule  of  the 
fifth  power  given  by  the  author  of  this  work  and  by  Deprez, 
as  involving  an  increase  of  fi?  in  the  current  whilst  there  is  an 

*  Proe,  Inst,  Civil  Engineers,  April  1883. 

*  Lefons  sur  r^lectriciU,  ii.  815,  1886. 

*  VEleetricien,  xi.  357,  1887. 

*  La  Lumihre  Elecirique,  xxii.  31 1. 

'  Die  dynamoelektrisehe  Maschine^  p.  l68«  1886. 
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increase  of  only  n^  in  the  section  of  the  conducting  wires, 
which  further  involves  that  the  density  of  the  current  in  the 
wires  must  increase  with  the  size  of  the  machine,  which  is 
clearly  impracticable.  Storch^  considers  constant-current 
machines  to  be  in  a  different  category  from  constant-potential 
machines.  Assuming  equal  intensity  of  magnetic  field,  equal 
peripheral  velocity,  and  equal  permissible  current-density,  he 
finds  that  in  all  machines  the  ampere-turns  requisite  for 
excitation  vary  as  the  linear  dimensions.  For  constant- 
current  machines  the  capacity  is  proportional  to  «*,  that  is  to 
say  to  the  weight  of  the  machine,  or  to  the  volume  of  copper 
on  the  armature.  For  constant-potential  machines  he  finds 
the  total  length  of  wire  on  the  armature  to  be  independent  of 
the  dimensions  of  the  machines  ;  the  number  of  external 
amiature  conductors  to  vary  inversely  as  the  linear  dimensions ; 
whilst  the  capacity  of  the  machines  is  found  to  vary  as  «*, 
though  with  undue  heating,  unless  the  volume  of  copper  on 
the  armature  is  also  increased  as  n^.  Storch  and  Rechniewski 
agree  with  Hopkinson  that  the  work  lost  in  field-magnets 
decreases  relatively  to  that  lost  in  armatures,  with  an  increase 
in  the  linear  dimensions.  On  the  other  hand,  increase  in  the 
size  of  the  moving  masses  increases  the  liability  to  waste  of 
power  by  eddy-currents. 

Recent  contributions  to  the  discussion  come  from  Mr. 
Kapp*  and  Professor  Ayrton.^  Kapp  proposes  that  the 
speeds  of  rotation  shall  be  assumed  to  vary  inversely  as  the 
linear  dimensions,  so  as  to  put  all  machines  into  equal  con- 
ditions as  regards  strains  from  centrifugal  force,  and  that  all 
the  similar  machines  shall  be  considered  [as  being  worked  up 
to  the  same  safe  limit  of  heating.  This  involves  that  the 
work  wasted  internally  in  heat  shall  be  proportional  to  surface 
or  as  I  :  f^.  The  resistances,  both  magnetic  and  electric,  of 
the  field-magnets  will  be  proportional  to  «~S  and  the  exciting 
powers  to  «i  The  intensities  of  field  will  be  proportional  to 
«*,  and  the  electromotive-forces  to  «*.    The  diameters  of  wires 

"  CentralblaU  fur  EUkirotecknik,  viii.  544,  594,  and  743,  1886. 

•  Pro€,  Jtut,  Civil  Engineers^  Ixxxiii.  36,  1886. 

•  Ibui,^  p.  116. 
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allowed  are  as  n^  on  the  magnets  and  ffi  on  the  armatures ; 
the  resistances  of  armatures  will  be  proportional  to  «"^  and 
the  permissible  current  to  «*.  It  follows  at  once  that  the 
capacities  of  the  machine  (in  watts)  will  vary  as  ffi\  whilst  the 
work  .wasted  will  vary  as  «^:  hence  the  economic  coefficient 
will  increase  with  the  size  of  the  machine.  Kapp  gives  the 
cost  of  machines  as  proportional  to  «"*,  whence  it  follows  that 
the  cost  of  a  dynamo  per  unit  of  output  (say  per  lamp)  varies 
inversely  as  its  linear  dimensions.  He  gives  the  following 
illustrative  table : — 

Diameter  of  armature  (inches) 10  15 

Revolutions  per  minute     1000  670 

Number  of  glow-lamp*     150  620 

Weight  (in  hundredweights)      10  34 

Price      100/.  276/. 

Price  per  lamp 13^.4^.  &r.  11^. 

Electrical  efficiency  (per  cent) 80  89 

Professor  Ayrton  assumes  that  the  speeds  of  similar 
machines  may  be  safely  put  as  inversely  proportional  to  the 
square-roots  of  the  linear  dimensions  or  as  to  «"*  instead  of  «***, 
for  the  number  and  the  strength  of  the  binding  wires  could 
easily  be  increased  in  the  larger  machines.  In  the  larger 
machines  the  smaller  relative  space  required  for  clearance 
makes  admissible  the  increase  of  the  current  in  proportion  to 
n\  But  this  increased  current  would  magnetize  the  iron  more 
highly  in  proportion,  and  the  electromotive-force  would  be 
greater  than  n\  probably  nearer  «^'',  bringing  up  the  capacity 
to  be  proportional  to  «^'^ 

The  common  opinion  of  dynamo  constructors  appears  to 
be  that  the  capacity  of  dynamos  is,  for  similar  machines,  a 
little  greater  than  in  proportion  to  the  weight 

Esson^  has  discussed  this  question  from  the  point  of  view 
of  multipolar  machines/  and  finds  it  a  matter  of  appropriate^ 
design  whether  the  efficiency  increases  or  decreases  when^ 
machines  are  enlarged  in  size. 

*  Journal  Inst.  Electrical  Engineers^  xx.  26$,  1 89 1. 
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CHAPTER  VL 

MAGNETIC   principles;    AND   THE  MAGNETIC    PROPERTIES 

OF  IRON. 

As  all  dynamo-electric  machines  are  based  on  magnetic 
principles,  it  is  needful  that  these  should  be  understood  fully. 
Inasmuch  as  the  Held-magnets  of  dynamos  are  electromagnets, 
the  iron  cores  of  which  are  excited  by  electric  currents  cir- 
culating in  surrounding  coils,  it  becomes  a  matter  of  primary 
imp(^tance  to  us  to  know  what  is  the  law  that  governs  the 
electromagnet  If  we  once  know  the  relation  that  subsists 
between*  the  exciting  current  and  the  magnetism  that  is  pro- 
duced by  it,  we  can  apply  this  knowledge  to  the  design  of 
dynamos :  for  such  knowledge  will  enable  us  to  calculate 
beforehand  the  size  of  iield«magnet  and  the  number  and 
gauge  of  coils  that  will  be  required  in  a  dynamo  that  is  to 
furnish  any  given  amount  of  electric  energy.  It  will  be  neces- 
sary first  to  define  the  terms  used  ;  then  we  shall  give  some 
account  of  the  facts  and  of  the  properties  of  iron  of  different 
kinds ;  incidentally  there  will  follow  an  account  of  the  various 
algebraic  rules  that  have  been  suggested  to  represent  approxi- 
mately the  law  of  the  electromagnet  In  Chapter  VIL  follow 
some  all-important  considerations  respecting  the  magnetic 
circuit  and  its  theory  ;  some  examples  and  useful  rules  will  be 
given,  and  lastly,  the  various  forms  given  to  field-magnets  will 
be  discussed  and  calculations  respecting  them  will  be  given. 

Definitions  and  General  Properties.* 

Unit  of  Magnetism, — ^The  unit  quantity  of  magnetism  (as 
accepted  internationally)  at'  any  magnetic  pole,  is  defined 

'  Any  one  who  is  not  familiar  with  the  measurement  of  magnetic  quantities 
ought  Teiy  carefully  to  read  Appendix  A,  on  Electric  and  Magnetic  Units.    It 
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as  being  such  that  it  will  repel  a  similar  equal  quantity 
situated  at  a  distance  of  one  centimetre,  in  air,  with  a  force  of 
I  dyne. 

Intensity  of  Magnetic  Field. — We  have  seen  in  Chapter  III. 
that  every  magnet  is  surrounded  by  a  certain  "  field,"  within 
which  magnetic  force  is  observable.  We  may  completely 
specify  the  properties  of  the  field  at  any  point  by  measuring 
the  strength  and  the  direction  of  that  force — that  is»  by 
measuring  the  ^^ intensity  of  tlie  field^^  and  the  direction  of  the 
lines  of  force.  The  **  intensity  of  t/ie  field'*  at  any  point  is 
measured  by  the  force  with  which  it  acts  on  a  unit  magnetic  pole 
placed  at  that  point.  Hence,  unit  intensity  of  field  is  that 
intensity  of  field  which  acts  on  a  unit  pole  with  a  force  of  one 
dyne.  There  is  therefore  a  field  of  unit  intensity  at  a  point 
one  centimetre  distant  from  the  pole  of  a  magnet  of  unit 
strength.  Suppose  a  magnet  pole,  whose  strength  is  «, 
placed  in  a  field  at  a  point  where  the  intensity  is  H,  then  the 
force  will  be  m.  times  as  great  as  if  the  pole  were  of  unit 
strength,  and  the  amount  of  the  force  (in  dynes)  can  be  cal- 
culated by  simply  multiplying  together  the  strength  of  the 
magnetism  of  the  pole  and  the  intensity  of  the  field  ;  or, 

/=;«  X  H 

Magnetic  Lines, — It  is  possible,  in  every  magnetic  field,  to 
draw  through  any  given  point,  a  line  in  such  a  direction  that 
it  represents  the  direction  of  the  magnetic  force  at  that  point 
of  the  field  (Fig.  lo,  p.  24).  The  iron  filing  curves  formed  round 
magnets  show  the  forms  of  the  otherwise  invisible  magnetic 
lines.  Even  when  such  lines  are  not  actually  drawn,  they  may 
be  supposed  to  be  drawn  ;  we  may  even  conceive  the  whole 
of  the  space  in  the  magnetic  field  to  be  traversed  by  such 
lines.     Faraday  was  the  first  to  give  a  quantitative  significa- 


is  also  strongly  recommended  that  the  reader  should  make  himself  familiar  with 
the  elementary  theory  of  magnetic  phenomena.  The  Author's  'Elementary 
Lessons  in  Electricity  and  Magnetism,'  published  by  Messrs.  Macmillan  and  Co.» 
will  explain  the  terms  and' fundamental  facts.  The  Author's  recent  work  on  •  The 
Electromagnet,'  published  by  Messrs.  Spon,  contains  a  fuller  account  of  the  mag- 
netic properties  of  iron,  and  of  the  design  and  construction  of  electromagnets. 
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tion  to  the  conception  of  magnetic  lines.  We  may  use  them 
to  specify  not  only  the  direction  but  also  the  magnitude  of  the 
magnetic  forces  by  adopting  the  following  convention  :— Let 
there  be  drawn  as  many  lines  per  square  centimetre  as  there 
are  dynes  (per  unit  pole)  of  force  at  the  point  in  question. 
The  symbol  H  may  then  be  read  to  mean  either  the  number 
of  dynes  on  a  unit  pole  or  the  number  of  lines  per  square 
centimetre. 

We  take  as  a  measure  of  the  intensity  of  the  field  at 
any  point  the  number  of  lines  of  force  that  pass  through  a 
square  centimetre  of  surface  placed  across  the  field  at  that 
point  It  follows  tJiat  a  unit  magnet  pole  will  have  4  ir  lines  of 
force  proceeding  from  it:  for  there  is  unit  field  at  unit  distance 
away,  or  one  line  of  force  per  square  centimetre  ;  and  there 
are4  ^  square  centimetres  of  surface  on  a  sphere  of  unit  radius 
drawn  round  the  pole.  A  magnet  whose  pole  strength  is  ;«, 
has  therefore  4  tt  w  lines  of  force  running  through  the  steel 
and  diverging  at  its  pole. 

Polarity. — It  is  a  familiar  fact  that  the  polarity  of  an 
electromagnet  depends  upon  the  sense  in  which  the  current  is 
flowing  around  it.    Various 

rules  for  remembering  the  *. 

relation  of  the  electric  flow  ^^^'  ^ 

and  the  magnetic  force  have 
been  given.  One  of  them 
that  is  useful  is  that  when 
one  is  looking  at  the  north 
pole   of  an  electromagnet, 

the  current  will  be  flowing   circulation  of  Current  around  a 
around     that    pole    in    the  Two-pole  Electromagnet. 

sense  opposite   to    that  in 

which  the  hands  of  a  clock  are  seen  to  revolve.  This  necessi- 
tates the  connexion  of  the  bobbins  of  a  two-pole  electromag- 
net in  such  a  way  that  the  currents  shall  circulate  as  indicated 
in  the  manner  depicted  in  Fig.  84.  Another  useful  rule,  sug- 
gested by  Maxwell,  is  illustrated  by  Fig.  85,  namely,  that  the 
sense  of  the  circulation  of  the  current  (whether  right  or  left- 
handed),  and  the  positive  direction  of  the  resulting  magnetic 
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force,  are  related  together  in  the  same  way  as  the  rotation 
and  the  travel  of  a  right-handed  screw  are  associated  with 
forward  travel.      Right-handed  circulation  of  a  current  is 

Fig.  85. 


Diagram  illustrating  Relation  of  Magnetizing  Current  and 

Resulting  Magnetic  Force. 

associated  with  a  magnetic  force  tending  to  produce  north 
polarity  at  the  forward  end  of  the  core. 

Electromagnetic  Rules. 

Since  the  field«magnet  is  in  almost  all  dynamos  an  electro- 
magnet of  iron  magnetized  by  keeping  an  electric  current 
circulating  around  it,  it  will  be  necessary  to  lay  down  a  few 
elementary  propositions  dealing  with  the  relation  between 
electric  currents  and  magnetic  forces. 

I.  Magnetomotive  Force^  or  Total  Magnetizing  Power 
of  Electric  Current  circulating  in  a  Coil. — It  is  found  that 
when  a  current  flows  along  in  a  copper  wire  that  is  coiled 
in  several  turns  around  a  core,  and  is  thus  made  to  circu- 
late around  an  interior  magnetic  circuit,  the  magnetizing  power 
or  tendency  of  this  circulation  of  electricity  is  proportional 
both  to  the  strength  of  the  current  so  circulating  and  to  the 
number  of  turns  in  the  coiL  If  other  things  are  equal,  the 
total  magnetizing  power  depends  on  nothing  else  but  these 
two  matters  ;  being  independent  of  the  size  or  material  of  the 
wire,  and  of  its  shape,  and  is  the  same  whether  the  spirals  are 
close  together  or  wide  apart  If  S  stands  for  the  number  of 
spirals  in  the  coil,  and  i  be  the  number  of  amperes  of  current 
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that  are  flowing,  then  S  multiplied  by  i  will  be  the  number  of 
ampere-iums  of  circulation  of  current.  It  is  experimentally 
proved  that  twenty  amperes  circulating  around  five  turns 
exert  precisely  the  same  magnetizing  power  as  one  ampere 
circulating  one  hundred  times,  or  as  one  hundred  amperes 
circulating  once  around  the  core.     In  each  of  these  cases  the 

Fig.  86. 


Magnetizing  Coil  wound  around  a  Magnetic  Circuit. 

circulation  of  current  is  one  hundred  ampere-turns.  To  cal- 
culate from  this  the  value,  in  absolute  CG.S.  units,  of  the 
magnetomotive  force,  it  is  requisite  to  multiply  the  ampere- 
turas  by  -j^  7r,  or  by  I  •  257.    Or,  in  symbols. 

Magnetomotive  force  =  i  '257  x  S  1. 

It  is  possible  to  avoid  the  use  of  this  multiplier  by  taking 
the  ampere-turns  themselves  as  the  magnetomotive  force.  In 
that  case  one  applies  a  coeflicient  to  the  calculation  of  the 
reluctance  of  the  circuit  (see  p.  409). 

Some  writers  call  the  magnetomotive  force  the  *' line- 
integral  of  the  magnetic  forces." 

2.  Intensity  of  Magnetic  Force  at  any  point  in  a  long 
Magnetizing  Coil — The  preceding  expression  for  the  total 
magnetizing  power  of  a  coil  does  not  give  any  information 
about  the  variation  of  the  magnetic  force  at  different  parts. 
If  in  Fig.  86  a  closed  curve  be  drawn  (the  dotted  curve) 
passing  through  all  the  spirals,  and  the  question  be  asked, 
"What  is  the  intensity  of  the  magnetic  force  at  various  points 


y   =  I '  257  tijnes  the  ampere-turns  per  centimetre 
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on  this  curve  ?  "  it  must  be  replied  that  the  intensity  of  the 
force  will  vary  greatly  from  point  to  point,  being  greatest  at 
the  middle  of  that  part  of  the  curve  which  lies  within  the 
spirals.  If  a  uniformly- wound  coil  were  constructed  of  very 
great  length  (say  at  least  one  hundred  times  its  own  diameter), 
the  intensity  of  the  magnetic  force  would  be  very  nearly 
uniformly  great  all  along  its  axis,  until  quite  close  to  the  ends 
of  the  coil,  where  it  rapidly  falls  off.  The  expression  for  the 
value  of  H  at  any  point  along  the  axis  (save  near  the  ends) 
of  such  a  long  coil  is  found  by  considering  the  magneto- 
motive force  as  distributed  uniformly  along  its  length  ;  or,  in 
symbols,  where  /  stands  for  the  length  of  the  coil,  in  centi- 
metres. 

of  length. 
Or,  if  the  length  is  given  in  inches  :v 

H  =  0'49S  times  the  ampere-turns  per  inch. 

Or,  if  it  is  desired  to  express  the  intensity  of  the  magnetic 
force  in  lines /^r  square  inch  (see  p.  142)  instead  of  per  square 
centimetre,  we  shall  have  : — 

H^^  =  3*  192  X  the  ampere-turns  per  inch. 

In  the  case  where  a  wire  is  wound  in  an  annular  coil  upon 
an  iron  ring,  so  that  there  are  no  ends  to  the  coil,  H  is  uniform 
at  all  points  along  the  closed  curve  drawn  within  the  coil,  and 
is  calculated  as  above,  taking  the  mean  length  along  the  body 
of  the  ring  as  /.  It  is  obvious  that  when  H  is  uniform, 
H  X  /  gives  the  total  magnetizing  power  or  magnetomotive 
force. 

3.  Intensity  of  Magnetic  Force  at  centre  of  a  single  Ring. — 
At  the  centre  of  a  single  ring  or  circular  loop  of  wire  carrying 
current  of  i  amperes,  and  of  radius  r  centimetres,  the  intensity 
of  the  magnetic  force  is  calculated  by  the  formula 

2  TT  2  ^  „         amperes 

H  = =  0-6284  X  — ^, —  • 

10  r  radms 

This  is  the   case   of  a  tangent  galvanometer  ring;   the 
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Fig.  87. 


number  needing  to  be  multiplied  by  S,  if  there  are  S  turns  in 
the  ring. 

4.  Force  on  Conductor  (carrying  current)  in  a  Magnetic 
Field, — Suppose  a  magnetic  field  is  furnished  by  a  permanent 
m^;net  (Fig.  87),  and  that  a 
conducting  wire  carrying  an 
electric  current  is  brought  into 
the  magnetic  field,  it  is  ob- 
sensed  to  "experience  a  me- 
chanical force  in  a  direction  at 
right  angles  to  its  own  length, 
and  at  right  angles  to  the 
magnetic  lines  of  the  field.  In 
the  figure  the  direction  of  the 
flux  of  magnetic  lines  is  hori- 
zontal from  right  to  left  be- 
tween the  limbs  of  the  magnet  ; 
the  direction  of  the  current  is 
horizontal  from  front  to  back  ; 
and  the  resulting  mechanical 
force  will  urge  the  conductor 

upwards,   as  shown   by  the  arrow.     Reversing  the  current 
would,  of  course,  result  in  a  downward  force. 

The  magnitude  of  this  force  can  be  calculated  as  follows  : — 
Assume  the  field  to  be  of  uniform  intensity  Hi  and  that  the 
length  (centimetres)  of  conductor  lying  squarely  across  the 
field  is  /.  Then  if  i  is  the  number  of  amperes  of  current, 
the  force  (in  dynes)  will  be  g^ven  by  the  rule 

/=H//-T-io=  H,/"i-T- 25-43 

or  in  grains'  weight 

/=H,/'/-i6i. 

5.  Work  done  by  Conductor  (carrying  current)  in  moving 
across  Magnetic  Field, — If  the  conductor  moves  across  a  breadth 
h  (centimetres)  of  the  magnetic  field,  the  work  done  will  be 
expressed  (in  ergs)  as  follows  : — 

w  ssfb  =  bHli-r- 10. 

But  ^  /  is  the  area  of  field  swept  out ;  and  this  area  multi- 
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plied  by  the  number  of  magnetic  lines  per  square  centimetre 
(H)  gives  the  whole  number  N  of  magnetic  lines  cut  in  the 
operation :  whence 

w  =  N  /  -f- 10. 

Proof: — ^This  matter  may  be  independently  deduced  as 

follows : — By  definition  of  electric  potential,  the  work  done  in 

moving  Q  units  of  electricity  through  difference  of  potential 

Vi  -  Va  is 

«,  =  Q  (Vi  -  V,). 

But  in  cutting  N  lines  of  magnetic  field  in  a  time  of  / 
seconds  there  is  generated  an  electromotive-force  =  N  -7-  /, 
and  this  constitutes  the  difference  of  electric  potential 
Vi  —  Va  and  may  be  substituted  for  it. 

Further,  if  the  current  i  is  expressed  in  amperes,  the 
quantity  Q  of  electricity  expressed  in  absolute  CG.S.  units 
conveyed  through  the  circuit  in  /  seconds,  will  be  =  /  /-f-  la 

Substituting  the  latter  value  for  Q  and  the  former  for 
Vj  —  Va,  one  at  once  obtains  the  result : — 

w  =  N  j*-r  10,  as  before. 

Intensity  of  Magnetization  :  Magnetic  Susceptibility  and 
Magnetic  Permeability, — ^When  a  piece  of  magnetic  metal  is 
placed  in  a  magnetic  field,  some  of  the  lines  of  magnetic 
force  run  through  it  and  magnetize  it  The  intensity  of  its 
magnetization  will  depend  upon  the  intensity  of  the  field  into 
which  it  is  put  and  upon  the  metal  itself.  There  are  two  ways 
of  looking  at  the  matter,  each  of  which  has  its  advantages. 
We  may  think  of  the  magnetism  of  the  iron  or  other  metal  as 
something  resident  on  the  polar  surfaces,  and  expressed  there- 
fore in  units  of  magnetism  :  this  is  the  old  way,  adopted  at  a 
time  when  magnetism  was  regarded  as  a  fluid.  Or,  we  may 
think  about  the  internal  condition  of  the  piece  of  metal,  and 
about  the  number  of  magnetic  lines  that  are  running  through 
it  and  emerging  from  it  into  the  surrounding  space.  This  is 
the  more  modern  way. 

The  fact  that  soft  iron  placed  in  the  magnetic  field 
becomes  highly  magnetic,   may  then  be  expressed  in  the 
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following  two  ways: — (i)  when  iron  is  placed  in  a  magnetic 
field  the  magnetic  lines  gather  themselves  up  and  run  in 
greater  quantities  through  the  space  now  occupied  by  iron, 
for  iron  is  -^^ry  permeable  to  the  magnetic  lines/  or  is  a  good 
conductor  of  them ;  (2)  iron  when  placed  in  the  magnetic 
field  develops  strong  poles  on  its  end  surfaces,  being  highly 
susceptible  to  the  reception  of  magnetism.  Each  of  these 
ideas  may  be  rendered  exact  by  the  introduction  of  coefficients 
o[ permeability  and  of  stisceptibility  respectively. 

Tht  permeability  or  coefficient  tf  magnetic  induction  is  based 
on  the  notion  of  the  whole  mass  of  iron  being  permeated  by 
the  magnetic  lines.  The  number  of  magnetic  lines  that  run 
through  unit  area  of  cross-section,  at  any  point  is  called  "  the 
magnetic  induction "  at  that  point ;  it  is  denoted "  by  the 
letter  B.  The  ratio  between  the  magnetic  induction  and  the 
magnetizing  force  H  producing  it  is  expressed  by  a  numerical 
coeflicient  of  induction,  or  permecMlity^  fi.  We  therefore 
write 

or 

This  coefficient  is  always  positive :  for  empty  space  or  air 

*  Some  authorities  make  a  distinction  between  magnetic  lines  of  force  (those 
viiich  would  exist  in  air)  and  magnetic  lines  of  induction,  or  those  which  exist  in 
aaj  material  over  and  above  the  number  which  would  exist  in  air  alone.  The 
distinction  is  entirely  useless,  for  all  magnetic  Unes  have  the  same  properties.  I 
call  them  all  simply  "  magnetic  lines." 

*  The  following  are  the  various  ways  of  expressing  the  three  definitions : — 
3 — ^The  internal  magnetization. 

The  magnetic  induction. 
The  induction. 

The  intensity  of  the  induction. 
The  permeation. 

The  number  of  lines  per  square  centimetre  in  the  material. 
H — The  magnetizing  force  at  a  point 
The  magnetic  force  at  a  point. 
The  intensity  of  the  magnetic  force. 

The  number  of  Unes  per  square  centimetre  that  there  would  be  in  air. 
/I — The  magnetic  permeability. 
The  permeability. 

The  specific  conductivity  for  magnetic  lines. 
The  magnetic  multiplying  power  of  the  material. 

K 
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it  is  I ;  for  magnetic  materials  it  is  greater  than  i ;  for  dia- 
magnetic  materials   it  is  slightly  less  than  i.     The  student 
may  think  of  it  in  the   following  way :    Suppose  a  certain 
magnetizing  force  to  act  in  a  certain  direction,  there  would 
naturally  result  from   its   action   induction  along  a  certain 
number  of  magnetic  lines  (or  so-called  lines  of  force),  and 
in  air  the  number  of  lines  would  numerically  represent  the 
magnetizing  force.     But  if  the  space  considered  were  occupied 
by  iron  the  same  magnetizing  force  would  induce  many  more 
lines ;   iron  having  a  sort  of  multiplying  power,  or  specific 
inductive  capacity,  or  conductivity,  for  the  magnetic  lines. 
For  example,  a  certain  specimen  of  iron,  when  subjected  to  a 
magnetic  force  capable  of  creating,  in  air,  50  magnetic  lines 
to  the  square  centimetre,  was  found  to  be  permeated  by  no 
fewer  than    16,062   magnetic    lines   per  square    centimetre. 
Dividing  the  latter  figure  by  the  former,  gives  as  the  value  of 
the  permeability  at  this  stage  of  the  magnetization  321,  or  the 
permeability  of  the  iron  is  321  times  that  of  air.    The  permea- 
bility of  such  non-magnetic  materials  as  silk,  cotton,  and 
other  insulators,  also  of  brass,  copper,  and  all  the  non-magnetic 
metals,  is  taken  as  i,  being  practically  the  same  as  that  of  the 
air. 

The  susceptibility  or  coefficient  of  (surface)  magfietization  is 
now  seldom  used.  Suppose  a  bar  magnet  to  have  m  units  of 
magnetism  on  each  pole,  and  the  length  between  the  two 
poles  to  be  /,  the  product ;«  x  /  is  called  its  magnetic  moment  ; 
and  the  magnetic  moment  divided  by  its  volume  is  called  its 
intensity  of  magnetization  :  this  term  being  intended,  though 
based  on  the  surface-unit  of  pole-strength,  to  convey  an  idea 
as  to  the  internal  magnetic  state.  Now,  supposing  this 
intensity  of  magnetization — for  which  the  symbol  is  1— were 
due  to  the  Iron  having  been  put  into  a  magnetic  field  of 
intensity  H,  the  ratio  between  these  two  is  called  the 
susceptibility,  and  for  it  the  symbol  k  is  used.  So  we  may 
write 

or 
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This  may  be  looked  upon  as  saying  that  for  every  magnetic 
line  in  the  magnetizing  field  there  will  be  k  units  of  magnetism 
on  the  end  surface  of  the  bar  of  iron. 

These  two  coefficients  are  connected  in  the  following 
way;  since  each  line  produces  k  units  of  magnetism,  and 
from  each  unit  47r  lines  proceed  outwards,  there  will  be  47r^ 
lines  added  by  the  iron  to  each  line  in  the  air :  or 

/A  =  I  +  47rit 
and 

B=  H+4'rl. 

This  mode  of  expressing  the  facts  is,  however,  complicated 
by  the  fact  of  the  tendency  in  all  kinds  of  iron  to  magnetic 
saturation.  In  all  kinds  of  iron  the  magnetizability  of  the 
material  becomes  diminished  as  the  actual  magnetization  is 
pushed  further.  In  other  words,  when  a  piece  of  iron  has 
been  magnetized  up  to  a  certain  degree,  it  becomes  from  .that 
d^ree  onward,  less  permeable  to  further  magnetization,  and 
though  actual  saturation  is  never  reached,  there  is  a  practical 
limit  beyond  which  the  magnetization  cannot  well  be  pushed. 
Joule  was  one  of  the  first  to  establish  this  tendency  toward 
magnetic  saturation.  Modem  researches  have  shown  numeri- 
cally how  the  permeability  diminishes  as  the  magnetization  is 
pushed  to  higher  stages.  The  practical  limit  of  the  magnet- 
ization, B,  in  good  wrought  iron,  is  about  20,000  magnetic 
lines  to  the  square  centimetre,  or  about  125,000  lines  to  the 
square  inch  ;  and,  in  cast  iron  the  practical  saturation  limit  is 
nearly  12,000  lines  per  square  centimetre,  or  about  70,000 
lines  per  square  inch. 

In  designing  electromagnets,  before  calculations  can  be 
made  as  to  the  size  of  a  piece  of  iron  required  for  the  core  of 
a  magnet  for  any  particular  purpose,  it  is  necessary  to  know 
the  magnetic  properties  of  that  piece  of  iron  ;  for  it  is  obvious 
that  if  the  iron  be  of  inferior  magnetic  permeability,  a  larger 
piece  of  it  will  be  required  in  order  to  produce  the  same 
"Magnetic  effect  as  might  be  produced  with  a  smaller  piece  of 
higher  permeability.  Or  again,  the  piece  having  inferior  per- 
meability will  require  to  have  more  copper  wire  wound  on  it ; 
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for  in  order  to  bring  up  its  magnetization  to  the  required 
point,  it  must  be  subjected  to  higher  magnetizing  forces  than 
would  be  necessary  if  a  piece  of  higher  permeability  had  been 
selected. 

Curves  of  Magnetization. 

A  convenient  mode  of  studying  the  magnetic  facts  respect- 
ing any  particular  brand  of  iron  is  to  plot  on  a  diagram  the 
curve  of  magnetization — ue.  the  curve  in  which  the  values, 
plotted  horizontally,  represent  the  magnetic  force,  H>  and  the 
values  plotted  vertically  those  that  correspond  to  the  respec- 
tive magnetization,  B«  In  Fig.  88,  which  is  modified  from 
the  researches  of  Professor  Ewing,^  are  given  five  curves, 
relating  to  soft  iron,  hardened  iron,  annealed  steel,  hard- 
drawn  steel,  and  glass-hard  steel.     It  will  be  noticed  that  all 


Fig.  88. 


0       6      10  20  30  40 

Curves  of  Magnetization  of  various  sorts  of  Iron. 


these  curves  have  the  same  general  form.  For  small  values 
of  H  the  values  of  B  are  small,  and  as  H  is  increased  B  in- 
creases also.  Further,  the  curve  rises  very  suddenly,  at  least 
with  all  the  softer  sorts  of  iron,  and  then  bends  over  and 
becomes  nearly  horizontal.  When  the  magnetization  is  in 
the  stage  below  the  bend  of  the  curve,  the  iron  is  said  to  be 

»  Phil.  Trans,^  1885. 
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far  from  the  state  of  saturation.  But  when  the  magnetization 
has  been  pushed  beyond  the  bend  of  the  curve  the  iron  is  said 
to  be  in  the  stage  approaching  saturation ;  because  at  this 
st^e  of  magnetization  it  requires  a  large  increase  in  the 
magnetizing  force  to  produce  even  a  very  small  increase  in 
the  magnetization.  It  will  be  noted  that  for  soft  wrought 
iron  the  stage  of  approaching  saturation  sets  in  when  B  has 
attained  the  value  of  about  16,000  lines  per  square  centi- 
metre ;  or  when  H  has  been  raised  to  the  value  of  about  50. 
As  we  shall  see,  it  is  not  economical  to  push  B  beyond  this 
limit ;  or  in  other  words  it  does  not  pay  to  use  stronger 
magnetic  forces  than  those  of  about  H  =  5^. 

Methods  of  Measuring  Permeability. 

There  are  four  sorts  of  experimental  methods  of  measuring 
permeability : — 

L  Magnetometric  methods. 
II.  Balance  methods. 

III.  Inductive  methods, 

IV.  Traction  methods. 

I.  Magftetometric  Methods, — These  consist  in  surrounding 
a  bar  of  the  iron  in  question  by  a  magnetizing  coil,  and 
observing  the  deflection  its  magnetization  produces  in  a 
magnetometer. 

II.  Balance  Methods, — These  methods  are  a  variety  of  the 
preceding ;  a  compensating  magnet  being  employed  to  balance 
the  effect  produced  by  the  magnetized  iron  on  the  magneto- 
meter needle.  The  method  has  received  a  more  definite 
application  in  the  magnetic  balance  of  Professor  Hughes. 
Neither  of  these  methods  are,  however,  to  be  compared  with 
those  that  follow. 

III.  Inductive  Methods, — There  are  several  varieties  of 
these,  but  all  depend  on  the  generation  of  a  transient  in- 
duction current  in  an  exploring  coil  which  surrounds  the 
specimen  of  iron ;  the  integral  current  being  proportional  to 
the  number  of  magnetic  lines  introduced  into,  or  withdrawn 
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from  the  circuit  of  the  exploring  coil.     Three  varieties  may 
be  mentioned 

(-4.)  Ring  Method. — In  this  method,  due  to  Kirchhoff,  the 
iron  under  examination  is  made  up  into  a  ring,  which  is 
wound  with  a  primary,  or  exciting  coil,  and  with  a  secondary, 
or  exploring  coil.  Determinations  on  this  plan  have  been 
made  by  Stoletow,  Rowland,  Bosanquet,  and  Ewing;  also 
by  Hopkinson.  Rowland's  arrangement  of  the  experiment  is 
shown  in  Fig.  89,  in  which  B  is  the  exciting  battery ;  S  the 

Fig.  89. 


Ring  Method  of  Measuring  Permeability  (Rowland's  arrangement). 

switch  for  turning  on  or  reversing  the  current  in  the  exciting 
coil  wound  on  the  iron  ring ;  R  a  variable  resistance ;  A  an 
amperemeter;  and  BG  the  ballistic  galvanometer,  the  first 
swing  of  which  measures  the  integral  induced  current  R  C 
is  an  earth-inductor  or  reversing  coil  wherewith  to  calibrate 
the  readings  of  the  galvanometer ;  and  above  is  an  arrange- 
ment of  a  coil  and  a  magnet  to  assist  in  bringing  the  swinging 
needle  to  rest  between  the  observations.  The  exciting  coil 
and  the  exploring  coil  are  both  wound  upon  the  ring;  the 
former  is  distinguished  by  being  drawn  with  a  thicker  line- 
The  usual  mode  of  procedure  is  to  begin  with  a  feeble 
exciting  current,  which  is  suddenly  reversed,  and  then  re- 
versed back.  The  current  is  then  increased,  reversed,  and 
re-reversed ;  and  so  on,  until  the  strongest  available  points 
are  reached.  The  values  of  the  magnetizing  force  H  are 
calculated  from   the  observed  value  of  the  current  by  the 
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following  rule : — If  the  strength  of  the  current,  as  measured 
by  the  amperemeter,  be  iy  the  number  of  spires  of  the  exciting 
coil  S,  and  the  length  in  centimetres  of  the  coil  (i.e.  the  mean 
circumference  of  the  ring)  be  /,  then  H  is  given  (see  p,  126)  by 
the  formula — 

.  ,        4  TT        S «  S  / 

Bosanquety  appl3dng  this  method  to  a  number  of  iron 
rings,  obtained  some  important  results,  and  settled  the  de- 
bated question  whether  the  outer  layers  of  an  iron  core  shield 
the  inner  layers  from  the  influence  of  magnetizing  forces. 
Were  this  the  case,  thin  rings  should  show  higher  values  of  B 
than  do  the  thicker  rings ;  but  Bosanquet  found  nothing  of 
the  kind. 

(A)  Bar  Method. — ^This  method  consists  in  employing  a 
long  bar  of  iron  instead  of  a  ring.  It  is  covered  from  end  to 
end  with  the  exciting  coil,  but  the  exploring  coil  consists  of 
but  a  few  turns  of  wire  situated  just  over  the  middle  part 
of  the  bar.  Rowland,  Bosanquet,  and  Ewing  have  all  em- 
ployed this  variety  of  method;  and  Ewing  specially  used 
bars,  the  length  of  which  was  more  than  a  hundred  times 
their  diameter,  in  order  to  get  rid  of  errors  arising  from  end- 
effects. 

(C)  Divided  Bar  Method. — This  method,  due  to  Dr.  Hop- 
kinson,*  illustrated  by  Fig.  90,  employs  a  block  of  annealed 
wrought  iron  about  18  inches  long,  6^  inches  wide,  2  inches 
deep,  out  of  the  middle  of  which  is  cut  a  rectangfular  space 
to  receive  the  magnetizing  coils.  The  test  samples  of  iron 
consist  of  two  rods,  each  12*65  ^^-  ^^  diameter,  turned 
carefully  true,  and  slide  in  through  holes  bored  in  the  ends 
of  the  iron  block.  These  two  rods  meet  in  the  middle, 
their  ends  being  faced  true  so  as  to  make  a  good  contact. 
One  of  them  is  secured  firmly,  and  the  other  has  a  handle 
fixed  to  it,  by  means  of  which  it  can  be  withdrawn.  The  two 
large  magnetizing  coils  do  not  meet,  a  space  being  left  between 
them.     Into  this  space  is  introduced  the  little  exploring  coil, 

»  JPAii.  Trans.^  p.  456,  1885. 
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wound  upon  an  ivory  bobbin,  through  the  eye  of  which  passes 
the  end  of  the  movable  rod.  The  exploring  coil  is  connected 
to  the  ballistic  galvanometer,  B  G,  and  is  attached  to  an  india- 
rubber  spring  (not  shown  in  the  figure),  which,  when  the  rod 


is  suddenly  pulled  back,  causes  it  to  leap  entirely  out  of  the 
magnetic  field.  The  exploring  coil  had  350  turns  of  fine 
wire;  the  two  magnetizing  coils  had  2008  effective  turns. 
The  magnetizing  current,  generated  by  a  battery,  B,  of  eight 
Grove  cells,  was  regulated  by  a  variable  liquid  resistance,  R, 
and  by  a  shunt  resistance.  A  reversing  switch  and  an 
amperemeter.  A,  were  included  in  the  magnetizing  circuit. 
By  means  of  this  apparatus  the  sample  rods  to  be  experi- 
mented upon  could  be  submitted  to  any  magnetizing  forces, 
small  or  lai^e,  and  the  actual  magnetic  condition  could  be 
examined  at  any  time  by  breaking  the  circuit  and  simul- 
taneously withdrawing  the  movable  rod.  This  apparatus, 
therefore,  permitted  the  observation  separately  of  a  series  of 
increasing  (or  decreasing)  magnetizations  without  any  inter- 
mediate reversals  of  the  entire  current. 

The  results  obtained  by  Hopkinson  are  described  on 
pp.  139  to  145. 

To  facilitate  the  operation  of  making  observations  on  new 
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brands  of  iron,  Mr.  J.  Swinburne  has  recently  ^  devised  a 
method  of  experimenting  which  obviates  the  use  of  a  ballistic 
galvanometer.  The  reader  is  referred  to  the  original  paper 
for  further  details. 

Traction  Methods. 

Another  group  of  methods  of  measuring  permeability  is 
based  upon  the  law  of  magnetic  traction.  Of  these  there  are 
several  varieties. 

(Z).)  Divided  Ring  Met/tod.— Hlv.  Shelford  Bidwell  has 
kindly  lent  me  the  apparatus  with  which  he  carried  out  this 
method.  It  consists  of  a  ring  of  very  soft  charcoal  iron  rod 
6*4  mm.  in  thickness,  the  external  diameter  being  8  cm., 
sawn  into  two  half  rings,  and  then  each  half  carefully  wound 
over  with  an  exciting  coil  of  insulated  copper  wire  of  1929 
convolutions  in  total.  The  two  halves  fit  neatly  together  ; 
and  in  this  position  it  constitutes  practically  a  continuous  ring. 
When  an  exciting  current  is  passed  round  the  coils,  both 
halves  become  magnetized  and  attract  one  another ;  the 
force  required  to  pull  them  asunder  is  then  measured. 
According  to  the  law  of  traction,  which  will  occupy  us  in  the 
second  lecture,  the  tractive  force  (over  a  given  area  of  contact) 
is  proportional  to  the  square  of  the  number  of  magnetic  lines 
that  pass  from  one  surface  to  the  other  through  the  contact 
joint  Hence  the  force  of  traction  may  be  used  to  determine 
B;  and  on  calculating  H  as  before,  we  can  determine  the 
permeability.  The  Table  IV.,  on  p.  147,  gives  a  summary  of 
Mr.  Bidweirs  results. 

(£.)  Divided  Rod  Method. — In  this  method,  also  used  by 
Mr.  Bidwell,  an  iron  rod  hooked  at  both  ends  was  divided 
across  the  middle,  and  placed  within  a  vertical  surrounding 
magnetizing  coil.  One  hook  was  hung  up  to  an  overhead 
support :  to  the  lower  hook  was  hung  a  scale-pan.  Currents 
of  gradually  increasing  strength  were  sent  around  the 
magnetizing,  coil  from  a  battery  of  cells,  and  note  was  taken 
of  the  greatest  weight  which  could  in  each  case  be  placed 

'  See  The  Electrician^  xxv.  648,  October  10,  1890. 
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in  the  scale-pan  without  tearing   asunder   the  ends  of  the 
rods, 

{F^  Permeameter  Method. — This  is  a  method  devised 
for  the  purpose  of  testing  specimens  of  iron.  It  is  essen- 
tially a  workshop  method  as  distinguished  from  a  laboratory 
method.  It  requires  no  ballistic  galvanometer ;  and  the 
iron  does  not  need  to  be  forged  into  a  ring  or  wound  with 
a  coil.  For  carrying  it  out  a  simple  instrument  is  needed, 
which  the  author  denominates  as  a  permeameter.  Out- 
wardly it  has  a  general 
^'<=-  9'-  resemblance    to    Dr.   Hop- 

kinson's  apparatus,  and  con- 
sists   simply   (Fig.   91)    of 
"      a  rectangular  piece  of  soft 
^vTOUght  iron  slotted  out  to 
receive  a  magnetizing  coil, 
down    the    axis    of    which 
passes  a  brass  tube.      The 
block  is  12  inches  long,  6^ 
inches  wide,  and  3  inches  in 
rw     thickness.    At  one  end  the 
block   is   bored    to   receive 
the  sample  of  iron  that   is 
^  to  be  tested.    This  consists 

simply  of  a  thin  rod  about 
a  foot  long,  one  end  of  which 
must  be  carefully  surfaced 
up.  When  it  is  placed  in- 
The  Permbameter.  side  the  magnetizing  coil, 

and  the  exciting  current  is 
turned  on,  the  rod  sticks  tightly  at  its  lower  end  to  the  surface 
of  the  iron  block ;  and  the  force  required  to  detach  it  (or 
rather  the  square  root  of  that  force)  is  a  measure  of  the  per- 
meation of  the  magnetic  lines  through  its  end  face.  In  the 
first  permeameter  which  was  constructed,  the  magnetizing  coil 
is  13'64  cm.  in  length,  and  has  371  turns  of  wire.  One 
ampere  of  exciting  current  consequently  produces  a  mag- 
netizing force  of  H  =  34-     The  wire  is  thick  enough  to  carry 
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30  amperes,  so  that  it  is  easy  to  reach  a  magnetizing  force 
of  1000.  In  a  simple  experiment  the  current  used  was 
25  amperes.  Two  rods  were  taken  of  "  charcoal  iron "  and 
"best  iron  "  respectively,  both  of  quarter-inch  square  stuff.  A 
spring  balance  was  used,  graduated  carefully  and  provided 
with  an  automatic  catch,  so  that  its  index  stops  at  the  highest 
reading.  The  tractive  force  of  the  "  charcoal "  iron  was  about 
12J  lb.,  while  that  of  the  "  best "  iron  was  only  7 J  lb.,  so  that 
B  was  about  \%ooo  in  the  charcoal  iron,  and  H  being  850, 
>iwas  about  22*3. 

The  formula  for  calculating  B  when  the  core  is  thus  de- 
tached by  a  pull  of  P  pounds,  the  area  of  contact  being  A 
square  inches,  is  as  follows : — 


B  =  1317  X  V  P-rA+  H. 

The  reason  for  adding  H  in  the  formula  is  that  in  this 
instrument  the  coil  remains  fixed,  the  core  only  being  moved. 
Hence  the  pull  is  that  due  to  B  —  H  lines. 

{G)  Traction  Valance  Method. — Dr.  H.  G.  Du  Bois  has 
recently  described  ^  a  method  in  which  the  specimen  of  iron 
is  placed  within  a  coil  between  two  cheeks  of  iron,  thus  con- 
stituting part  of  a  magnetic  circuit,  of  which  another  part  is 
constituted  by  an  iron  beam,  the  attraction  of  which  is 
measured,  and  thus  the  flux  calculated. 

Results  of  Experiments  on  Different  Brands  of 

Iron. 

Thirty-five  samples  of  various  irons  of  known  chemical 
composition  were  examined  by  Hopkinson,  the  two  most 
important  for  present  purposes  being  an  annealed  wrought 
iron  and  a  grey  cast  iron,  such  as  are  used  by  Messrs.  Mather 
and  Piatt  in  the  construction  of  dynamo  machines.  Hopkin- 
son embodied  his  results  in  curves,  from  which  it  is  possible 
to  construct,  for  purposes  of  reference,  numerical  tables  of 
sufficient  accuracy  to  serve  for  future  calculations. 

In  Fig.  92  are  given  curves  of  magnetization  for  annealed 

*   The  Electrician^  xxvii.  635,  Oct.  9,  1891. 
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wrought  iron,  obtained  by  the  second  method  of  experiment- 
ing by  Dr.  J.  Hopkinson.^  The  black  line  shows  the  relation 
between  the  intensity  of  the  magnetizing  force  H  and  the 
induction  B  during  the  process  of  increasing  the  magnetizing 
force  from  zero  to  about  220 ;  and  the  light  line  shows  the 


Fig.  92. 
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same  relation  during  the  process  of  decreasing  the  magnetizing 
force  to  zero,  and  then  reversing  it  so  as  to  remove  the 
residual  magnetic  induction.  Fig.  93  gives  similar  curves 
for  a  sample  of  grey  cast  iron  such  as  is  used  by  Messrs. 
Mather  and  Piatt  in  building  parts  of  dynamo  machines. 

Every  sample  of  iron  will  show,  on  being  tested,  a  similar 
set  of  facts  which  can  be  plotted  down  as  a  curve  that  is  cha- 

*  Hopkinson,  in  PhiL  Trans,^  pt.  ii.  p.  455,  1885. 
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racteristic  of  the  relation  in  question ;  but  the  curves  for  cast 
iron  and  steel  always  lie  lower  than  those  for  wrought  iron. 
Moreover,  it  will  usually  be  noticed  that  when  a  fresh  piece  of 
iron  or  steel  is  subjected  to  a  gradually  increasing  magnetizing 
force,  the  lowest  part  of  the  curve  presents  near  its  origin  a 

Fig.  93. 


small  concavity  (see  Fig.  93),  showing  that  there  is  a  certain 
stage  where  under  small  magnetizing  forces  the  permeability 
is  greater  than  at  the  initial  stage.  This  concavity  is  more 
pronounced  in  the  case  of  hard  iron  and  of  steel  than  in  the 
case  of  soft  iron.  But  the  curves  differ  in  detail  even  in 
different  specimens  of  the  same  sort  of  iron.  In  designing 
dynamos  it  is  convenient  to  keep  for  reference  a  series  of 
curves  such  as  Fig.  92  and  93,  made  by  careful  observation 
on  samples  of  the  same  iron  as  it  is  intended  to  use  in 
construction. 

As  we  shall  require  to  refer  again  to  these  curves  when 
dealing  with  calculations  of  the  magnetic  circuit,  it  will  be 
well  to  make  the  data  as  complete  as  possible.  Many  British 
engineers  are,  unfortunately,  not  familiar  with  the  international 
metric  system,  and  prefer  to  have  the  magnetic  facts  also 
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stated  in  terms  of  square  inch  units  instead  of  square  cm, 
units.  This  change  has  been  made  in  Fig.  94,  and  the 
symbols  Bu  and  H,,  are  chosen  to  indicate  the  numbers  of 
magnetic  lines  to  the  square  inch  in  iron  and  in  air  respec- 
tively. The  permeability,  or  multiplying  power  of  the  iron 
is  the  same,  of  course,  in  either  measure.  In  Table  III.  are 
given  the  corresponding  data  in  square  inch  measure  ;  and  in 
Table  IV.  the  data  in  square  centimetre  measure  for  the  same 
specimens  of  iron. 

It  will  be  noted  that  Hopkinson's  curves  are  double,  there 
being  one  curve  for  the  ascending  magnetizations,  and  a 
separate  one,  a  little  above  the  former,  for  descending- 
magnetizations.  This  is  a  point  of  a  little  importance  in 
designing  electromagnets.  Iron,  and  particularly  hard  sorts 
of  iron,  and  steel,  after  having  been  subjected  to  a  high 
degree  of  magnetizing  force,  and  subsequently  to  a  lesser 
magnetizing  force,  are  found  to  retain  a  higher  degree  of  mag- 
netization than  if  the  lower  magnetizing  force  had  been  simply 
applied.     For  example,  reference  to  Fig.  94  shows  that  the 
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wrought  iron,  where  subjected  to  a  magnetizing  force  gradu- 
ally rising  from  zero  to  H,,  =  200,  exhibits  a  magnetization  of 
B„  =  95,000 ;  but  after  Hj,  has  been  carried  up  to  over  1000, 
and  then  reduced  again  to  200,  B„  does  not  come  down  again 
to  9S,ooo,  but  only  to  98,000.    Any  sample  of  iron  which 
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showed  great  retentive  qualities,  or  in  which  the  descending 
curve  differs  widely  from  the  ascending  curve,  would  be 
liable,  if  used  in  constructing  a  dynamo,  to  cause  the  dynamo, 
after  having  been  highly  magnetized,  to  work  at  a  higher 
voltage  than  before.  Cast  iron  shows  more  of  this  effect  than 
wrought  iron,  and  hard  steel  much  more  than  either.  For 
dynamo  armatures  only  the  softest  iron  must  be  used.  For 
field-magnets  most  makers  prefer  wrought  iron,  but  some  use 
well-annealed  cast  iron.  In  very  few  cases  is  it  worth  while  to 
make  separate  calculations  for  the  ascending  and  descending 
curves  of  magnetization,  since  the  magnetization  is  con- 
tinually varying  up  and  down.  Accordingly,  for  the  numeric 
cal  data  to  be  employed  in  calculations  we  shall  employ  the 
mean  between  the  ascending  and  descending  curves.  These. 
mean  values  are  given  in  Tables  I.  and  II. 


Table  I.  (Square  Centimetre  Units.) 

Annealed  Wrought  Iron. 

Ore 
B 

y  Cast  Iron 

1. 

B 

M                H 

/* 

H 

5ocx> 

3000         1*66    ' 

4000 

800 

5 

9000 

2250              4 

5000 

500 

10 

10,000 

2000              5 

6000              279 

21-5 

11,000 

1692          6*5    ' 

7000      1         133 

42 

12,000 

1412 

8-5     1 

8000              100 

80 

13,000 

1083 

12    . 

9000     1           71 

127 

14,000 

823 

'7 

10,000      .           53 

188 

15,000'        526 

28-5    ; 

11,000                37 

292 

16,000 

320 

50   ; 

* 

17,000 

161 

105 

18,000 

90 

200 

1 

19,000 

54 

350 

! 

20,000 

30 

666 

■ 

The  mean  values  are  plotted  out  from  Tables  I.  and  IL 
on  a  somewhat  larger  scale  in  Figs.  95  and  96,  wherein  the 
values   of  B  are  the  abscissae,  and  those  of  H  are  plottetl 
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vertically,  the  scale  being  on  the  right-hand  side.  On  the 
same  Figures  are  given  also  the  plotting  of  the  curves  for  B 
and  /I,  which  are  convenient  for  the  purpose  of  calculation. 
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Table  II.  (Square  Inch  Units.) 


Annealed  Wrought  Iron. 

Grey  Cast  Iron 

. 

B,/ 

M 

Hu 

B^ 

V- 

H« 

30,000 

2926 

10*2 

25,000 

833 

30 

40,000 

2857 

14 

30,000 

445 

535 

50,000 

2392 

20'9 

40,000 

345 

163 

60,000 

2166 

27-7 

50,000 

112 

447 

70,000 

1750 

40 

60,000 

64 

940 

80,000 

1368 

63 

70,000 

40 

1750 

90,000 

856 

105 

100,000 

407 

24s 

110,000 

161 

686 

120,000 

64 

1850 

130,000 

28 

4500 

140,000 

18 

7630 

Bosanquet's  data  for  five  specimens  of  "  Crown  iron  *'  are 
as  follow : — 

Table  III. — Values  of  B  in  Five  Crown  Iron  Rings. 


Name. 

G. 

E. 

F. 

H. 

K. 

MeanDiam. 
Bar  thickness. 

21*9  cm. 
2'SI5. 

lO'oJs  cm. 
1*298. 

IS' I  cm. 
1*393 

io'73S  cm. 
•  0*7117 

93  '735  cm. 
0'7S44- 

H 

Magnetizing  Force. 

0'2 

126 

73 

62 

82 

85 

0-5 

377 

270 

224 

208 

214 

I 

i>449 

1,293 

840 

675 

885 

2 

4,564 

3,95* 

3,533 

2.777 

2,417 

5 

9,900 

9,147 

8,293 

8,479 

8,884 

10 

i3,<»3 

13,357 

12,540 

",376 

11,388 

20 

14,911 

14,653 

14,710 

14,066 

13,273 

50 

16,217 

15,704 

16,062 

15,174 

13,890 

100 

17,148 

16.677 

17,900 

16,134 

14,837 

Bosanquet  found  a  ring  of  Lowmoor  iron  to  surpass  all  the 
samples  of  Crown  iron,  at  H  =  50  he  found  B  over  17,000 ; 
and  at  H  =  100,  B  =  18,300. 
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Bidwell,  who  pushed  the  magnetization  further,  using  the 
traction  method  found  the  following  results  : — 


Table  IV. — Square  Centimetre  Measure. 


Soft  Charcoal  Iron 

1. 

B 

1 

A* 

H 

7.390 

18991 

3*9 

ii,SSo 

II2I'4 

10-3 

15,460 

3864 

40 

17,330 

150-7 

"5 

18,470 

88-8 

208 

19,330 

45 '3 

427 

19,820 

33*9 

SS5 

Fig.  97. 
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A  very  useful  alternative  mode  of  studying  the  results 
obtained  by  experiment  is  to  construct  curves,  such  as  those 
of  Fig.  97,  in  which  the  values  of  the  permeability  are 
plotted  out  vertically  in  correspondence  with  the  values  of 
B  plotted  horizontally,  as  in  Figs.  95  and  96.  It  will  be 
noticed  that  in  the  case  of  Hopkinson's  specimen  of  annealed 
wrought  iron  between  the  points  where  B  =  7000  and 
B  =  16,000,  the  mean  values  of  fju  lie  almost  on  a  straight  line, 
and  might  be  approximately  calculated  from  the  equation 

/x  =  (17,000  — B) -7- 3 '5. 

Limits  of  Magnetization  and  Permeability. 

In  reviewing  the  results  obtained,  it  will  be  noted  that  the 
curves  of  magnetization  all  possess  the  same  general  features, 
all  tending  toward  a  practical  maximum,  which,  however,  is 
difierent  for  different  materials.  Joule  expressed  the  opinion 
that  no  force  of  current  could  give  an  attraction  equal  to  200  lb. 
per  square  inch^  the  greatest  he  actually  attained  being  only 
175  lb.  per  square  inch.  Rowland  was  of  opinion  that  the 
limit  was  about'  177  lb.  per  square  inch  for  an  ordinary  good 
quality  of  iron,  even  with  infinitely  great  exciting  power. 
This  would  correspond  roughly  to  a  limiting  value  of  B  of 
about  17,500  lines  to  the  sq.  cm.  This  value  has,  however, 
been  often  surpassed.  Bidwell  obtained  19,820,  or  possibly  a 
trifle  more,  as  in  BidwelFs  calculation  the  value  of  H  has 
been  needlessly  discounted.  Hopkinson  gives  18,250  for 
wrought  iron,  and  19,840  for  mild  Whitworth  steel.  Kapp 
gives  16,740  for  wrought  iron,  20,460  for  charcoal  iron  in 
sheet,  and  23,250  for  charcoal  iron  in  wire.  Bosanquet  found 
the  highest  value  in  the  middle  bit  of  a  long  bar  to  run  up  in 
one  specimen  to  21428,  in  another  to  29,388,  in  a  third  to 
27,688.  Ewing,  working  with  extraordinary  magnetic  power 
by  the  "isthmus"  method,^  forced  up  the  value  of  B  in 
Lowmoor  iron  to  31,560  (when  /x  came  down  to  3),  and  sub- 
sequently to  45,350.  This  last  figure  corresponds  to  a 
traction  exceeding  1000  lb.  to  the  square  inch. 

'  See  Electrician^  xxv.  307,  189a 
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In  the  following  table  are  given  some  of  Ewing's  figures 
relating  to  the  magnetization  of  Swedish  iron  in  very  strong 
magnetic  fields : — 

Table  V.  (Square  Centimetre  Measure). — Swedish  Iron. 


H 

B 

M 

1,490 

22,650 

15-20 

3,600 

24,650 

6-85 

6,070 

27,130 

4*47 

8,600 

30,270 

3*52 

18,310 

38,960 

2-13 

19.450 

40,820 

2' 10 

19,880 

41,140 

2-07 

Cast  iron  falls  far  below  these  figure^.  Hopkinson,  using 
a  magnetizing  force  of  240,  found  the  values  of  B  to  be 
10,783  in  grey  cast  iron,  12,408  in  malleable  cast  iron,  and 
10,546  in  mottled  cast  iron.  Ewing,  with  a  magnetizing 
force  nearly  fifty  times  as  great,  forced  up  the  value  of  B  in 
cast  iron  to  31,760.  Mitis  metal,  which  is  a  sort  of  cast 
wrought  iron,  being  a  wrought  iron  rendered  fluid  by  addition 
of  a  small  percentage  of  aluminium,  is,  as  I  have  found,  more 
magnetizable  than  cast  iron,  and  not  far  inferior  to  wrought 
iron.  It  should  form  an  excellent  material  for  the  cores  of 
electromagnets. 

It  was  at  one  time  supposed  that  the  values  of  B  would 
show  a  limiting  value  at  about  20,000,  for  example,  in 
wrought  iron.  Swing's  figures  obtained  with  enormous 
magnetizing  forces,  show  that  this  is  not  so  ;  but,  on  the  other 
hand,  they  show  that  B  —  H  does  tend  to  a  limit.  In  other 
words,  that  part  of  B  which  is  directly  due  to  the  presence  of 
the  iron,  does  tend  to  a  true  saturation  limit.  This  maximum 
appears  to  be  about  21,360  in  wrought  iron,  and  15,580  in 
cast  iron. 

For  further  magnetic  data  the  reader  is  referred  to  the 
writings  of  Hopkinson,  Bosanquet,  and  Ewing,  particularly  to 
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Ewing's  chapters  on  Magnetism  in  The  Electrician  of 
1890-91.  A  digest  of  the  researches  of  these  authorities  is 
to  be  found  in  the  author's  treatise  on  '  The  Electromagnet' 


Effects  of  Air-gap  in  Magnetic  Circuit. 

All  the  preceding  results  refer  exclusively  to  that  which 
goes  on  in  iron  itself,  the  curves  of  magnetization  referring  to 
the  magnetic  materials  only.  They  tell  us  (in  terms  of  H) 
the  magnetic  force  required  to  drive  B  lines  of  magnetization 
through  a  single  cubic  cm.  of  the  material.  If  we  are  to  deal 
with  an  actual  piece  of  iron  that  is  more  than  i  sq.  cm.  in 
cross-section,  and  more  than  i  cm.  in  length,  all  that  is 
necessary  to  represent  the  facts  (so  long  as  we  are  dealing 
with  magnetization  that  is  entirely  internal  to  the  iron)  is  to 
change  the  scale  of  the  curves.  For  example,  suppose  we  are 
dealing  with  an  iron  ring  made  of  a  piece  of  square  bar 
annealed  wrought  iron  (of  the  same  brand  as  Hopkinson 
used),  the  size  of  the  iron  being  2  cm.  in  the  side,  and  its 
(mean)  length  80  cm. ;  we  shall  now  have  to  plot  out  (instead 
of  B  and  H)  N,  the  whole  flux  of  magnetic  lines  within  the 
section  of  the  iron,  and  H  /,  the  line-integral  of  the  magnetiz- 
ing force  around  the  length  of  the  iron  circuit 

Taking  the  curve  of  B  and  H  in  Fig.  95,  the  scales  will 
then  have  to  be  changed  as  follows : — Since  the  area  is 
4  sq.  cm.,  N  at  any  stage  of  the  magnetization  will  be  equal 
to  four  times  B  at  that  stage.  Hence  the  point  on  the 
horizontal  scale  called  B  =  16,000,  will  now  have  to  be 
called  N  =  64,000.  And  since  /,  the  length  of  the  bar,  is 
80  cm.,  the  same  point  that  now  stands  for  H  =  50  on  the 
vertical  scale  (on  the  right  side),  which  is  the  corresponding 
value  of  the  magnetic  force,  will  have  to  be  called  H  /  =  4000. 
With  these  changes  of  scales  the  curve  will  then  serve  to 
represent  the  magnetic  behaviour  of  the  whole  ring ;  it  will 
tell  us  how  much  integral  magnetizing  force  we  must  exert 
(by  means  of  a  current  in  a  coil)  in  order  to  drive  up  N,  the 
total  flux  of  magnetic  lines,  to  any  desired  amount  If  we 
know  H  /,  it  is  easy  to  calculate  the  requisite  ampere-turns. 
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because  (as  shown  on  p.  125)  the  ampere-turns  multiplied 
by  1-257  are  equal  to  the  line-integral  of  the  magnetizing 
force. 

But  if  there  is  an  air-gap  in  the  magnetic  circuit,  or  if 
there  is  a  gap  filled  with  any  non-magnetic  material,  seeing 
that  all  these  things  possess  a  permeability  that  is  equal  to 
that  of  air  (/.^*  =  1),  it  is  evident  that  to  force  the  same 
number  of  magnetic  lines  across  a  layer  of  such  inferior 
permeability  will  necessitate  an  increase  in  the  amount  of 
magnetizing  power  that  must  be  applied. 


Fig.  98. 


0         cV|  J&s      X'j 

Cu&TE  OF  Magnetization  of  Magnetic  Circuit  with  Air«gap. 


This  is  made  plainer  by  reference  to  Fig.  98,  in  which 
the  curve  O^C  represents  the  relation  between  the  number 
of  magnetic  lines  in  an  iron  bar  and  the  number  of  ampere- 
turns  of  excitation  (H  /-i- 1*257)  needed  to  force  these 
magnetic  lines  through  the  iron.  For  example,  to  reach  the 
height  Cy  the  excitation  has  to  be  of  the  value  represented  by 
the  length  O^Ti.  On  the  same  diagram  the  line  O  ^  B 
represents  the  relation  between  the  flux  of  magnetic  lines 
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across  the  air-gap  and  the  ampere-turns  required  to  force 
these  lines  across.  If  the  gap  were  i  sq.  cm.  in  section,  and 
I  cm.  long,  0*795  ampere-turns  of  current  would  produce 
field  H  =  B  =  I.  In  this  case  the  gap  is  supposed  to  be  of 
larger  area  and  shorter  than  i  cm.,  the  line  sloping  up  at  such 
a  slope  that  the  length  0;r2  represents  the  ampere-turns 
requisite  to  bring  up  the  magnetic  flux  to  *,  which  is  at  the 
same  height  on  the  scale  as  a.  It  is  then  easy  to  put  the  two 
things  together,  for  the  total  amount  of  excitation  required  to 
force  these  magnetic  lines  through  air  and  iron  will  (n^lect- 
ing  leakage)  be  the  sum  of  the  separate  amounts.  The 
point  x^  is  chosen  so  that  O  x^  is  equal  to  the  sum  of  O  ^1, 
and  O  x^,  or  that  the  distance  of  point  r  from  the  vertical  axis 
is  equal  to  the  sum  of  the  respective  distances  of  c  and  b. 
If  the  same  thing  is  done  for  a  large  number  of  correspond- 
ing points,  the  resultant  curve  O  r  R  may  be  constructed 
from  the  two  separate  curves.  It  will  be  seen  then  that,  in 
general,  the  presence  of  a  gap  in  the  magnetic  circuit  has  the 
effect  of  causing  the  magnetic  curve  to  rake  over,  t/ie  initial 
slope  being  determined  by  tJie  air-gap. 

The  student  should  compare  some  interesting  experi- 
ments made  in  Paris  by  M.  Leduc,*  who,  however,  falls  into 
an  error  respecting  tubular  cores. 

Effect  of  Joints. 

Being  now  in  a  position  to  calculate  the  additional 
magnetizing  power  required  for  forcing  magnetic  lines  across 
an  air-gap,  we  are  prepared  to  discuss  a  matter  that  has  been 
so  far  neglected,  namely,  the  effect  on  the  reluctance  of  the 
magnetic  circuit  of  joints  in  the  iron.  Horse-shoe  electro- 
magnets are  not  always  made  of  one  piece  of  iron  bent  round. 
They  are  often  made  of  two  straight  cores  shouldered  and 
screwed,  or  riveted  into  a  yoke. 

It  is  a  matter  purely  for  experiment  to  determine  how  far 
a  transverse  plane  of  section  across  the  iron  obstructs  the  flow 
of  magnetic  lines.   Armatures,  when  in  contact  with  the  cores, 

^  La  Lumiire  EUdrique^  xxviii.  520,  1888. 
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are  never  in  j>erfect  contact,  otherwise  they  would  cohere 
without  the  application  of  any  magnetizing  force  ;  they  are 
only  in  imperfect  contact,  and  the  joint  offers  a  considerable 
magnetic  reluctance.  This  matter  has  been  examined  by 
Professor  J.  J.  Thomson  and  Mr.  Newall,  in  the  Cambridge 
Philosophical  Society's  Proceedings ^  in  1887;  and  recently 
more  fully  by  Professor  Ewing,  whose  researches  are  pub- 
lished in  the  Philosophical  Magazine  for  September,  1888. 
Ewing  not  only  tried  the  effect  of  cutting  and  of  facing  up 
with  true  plane  surfaces,  but  used  different  magnetizing  forces, 
and  also  applied  various  external  pressures  to  the  joint.  For 
our  present  purpose  we  need  not  enter  into  the  questions  of 
external  pressures,  but  will  summarise  in  Table  VI.  the 
results  which  Ewing  found  when  his  bar  of  wrought  iron  was 
cut  across  by  section  planes,  first  into  two  pieces,  then  into 
four,  then  into  eight.  The  apparent  permeability  of  the  bar 
was  reduced  at  every  cut. 


Table  VI. — Effect  of  Joints  in  Wrought-iron  Bar  (not  compressed). 


H 

B 

Mean  thidcness  of 

equivalent  air-space 

for  one  cut. 

Thickness  of  iron 
of  equivalent  re- 
luctance per  cut. 

Solid. 

Cut  in 
Two. 

In  Four. 

In  Eight. 

Centi- 
metres. 

Inches. 

CenU- 
metres. 

Inches. 

75 
15 
30 
50 

70 

8,500 
13,400 

15,350 
16,400 
17,100 

6,900 
",550 
14,550 
15.950 
16,840 

4,809 

8,900 

12,940 

15,000 

16,120 

2,600 

5,550 
9,800 

13,300 
15,200 

0-0036 
0*0030 
0*0020 
0*0013 
0*0009 

0-0014 
0*0012 
O'OOOS 
0*0005 
0*0004 

4 

253 
1*10 

0-43 
0*22 

1-57 
I 

o'433 
0*169 

0*087 

Suppose  we  are  working  with  the  magnetization  of  our 
iron  pushed  to  about  16,000  lines  to  the  sq.  cm.  {i,e.  about 
150  lb.  per  square  inch)  traction,  requiring  a  magnetising 
force  of  about  H  =  SO ;  then,  referring  to  Table  VI.,  we  see 
that  each  joint  across  the  iron  offers  as  much  reluctance  as 
would  an  air-gap  0*0005  of  an  inch  in  thickness,  or  adds  as 
much  reluctance  as  if  an  additional  layer  of  iron  about  ^th 
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of  an  inch  thick  had  been  added.  With  small  magnetizing 
forces  the  effect  of  having  a  cut  across  the  iron  with  a  good 
surface  on  it  is  about  the  same  as  though  you  had  introduced 
a  layer  of  air  ^^th  of  an  inch  thick,  or  as  though  you  had 
added  to  the  iron  circuit  about  i  inch  of  extra  length.  With 
large  magnetizing  forces,  however,  this  disappears,  probably 
because  of  the  attraction  of  the  two  surfaces  across  that  cut. 
The  stress  in  the  magnetic  circuit,  with  high  magnetic  forces 
running  up  to  15,000  or  20,000  lines  to  the  sq.  cm.,  will  of 
itself  put  on  a  pressure  of  1 30  to  230  lb.  to  the  square  inch, 


Fig.  99. 


15000 


10000 


5000- 


Ewing's  Curves  for  Effect  of  Joints. 

and  so  these  resistances  are  considerably  reduced  ;  they  come 
down  in  fact  to  about  ^^th  of  their  initial  value.  When 
Ewing  especially  applied  compressing  forces,  which  were  as 
large  as  3200  lb.  to  the  sq.  in.,  which  would  of  themselves 
ordinarily,  in  a  continuous  piece  of  iron,  have  diminished  the 
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magnetizability,  he  found  the  diminution  of  the  magnetiza- 
bility  of  iron  itself  was  nearly  compensated  for  by  the  better 
conduction  of  the  cut  surface.  The  old  surface,  cut  and  com- 
pressed in  that  way,  closes  up  as  it  were  magnetically — does 
not  act  like  a  cut  at  all ;  but  at  the  same  time  you  lose  just 
as  much  as  you  gain,  because  the  iron  itself  becomes  less 
magnetizable. 

The  above  results  of  Ewing's  are  further  represented  by 
the  curves  of  magnetization  drawn  in  Fig.  99.  When  the  faces 
of  a  cut  were  carefully  surfaced  up  to  true  planes,  the 
disadvantageous  effect  of  the  cut  was  reduced  considerably, 
and  under  the  application  of  a  heavy  external  pressure  almost 
vanished. 

The  influence  of  compression  was  notable.  When  a  com- 
pression of  3210  lb.  per  sq.  in.  (  =  226  kilogrammes  per 
sq.  cm.)  was  applied  to  the  iron  bar,  the  joint  showed,  under 
magnetic  forces,  a  reluctance  which  decreased  as  the  mag- 
netic force  was  increased.  The  following  table  gives  the 
values  of  H  s^nd  of  B  in  the  solid  bar,  and  the  bar  after  being 
cut,  together  with  the  mean  thickness  of  the  equivalent  air- 
space. 

Table  VII.— Effect  of  Compression  on  Joints, 


H 

p  f  under  «)mpreasioii  of 
"^  I  3aio  lb.  per  sq.  inch. 

Thickness  of 

mean  equivalent 

air-space. 

(Millimetres.) 

Solid  bar. 

Bar  cut  in  eight. 

7*5 
10 

20 
30 
50 
70 

7,500 
10,000 

13,900 
15,200 
16,500 
17,200 

3,600 

4,900 

8,300 

10,700 

13,750 
15,700 

0'020 
0'0I9 
0018 
0-017 
O'OII 
0*007 

When  various  loads  were  tried,  the  effect  of  increasing  the 
load,  in  a  weak  magnetic  field,  was  practically  to  close  up 
well-faced  joints,  as  the  following  table  shows. 
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Table  VIIL— Effect  of  Varioos  Loads  on  Joints. 


Load, 

kilos  per 
sq.  centimetre. 

B  (when  H  =  s). 

Thickness  of 
equivalent  air- 
space. 

(Millimetres.) 

Before  cutting. 

After  cutting 
and  facing. 

O 

56-5 

131 
1695 

226 

5,600 
5,400 
4,700 
4,050 
3*650 

4,700 
4,670 
4,200 
3.800 
3,650 

0*022 
0'020 
0'0I7 
O'OIO 
0 

Effects  of  Stress. 

A  piece  of  iron  when  placed  under  stress  is  somewhat 
changed  in  its  magnetic  properties.  If  a  longitudinal  pull  is 
applied  to  iron  whilst  it  is  being  magnetized,  it  is  found  at  first 
to  increase  its  permeability^  whilst  a  longitudinal  push,  tend- 
ing to  compress  it,  decreases  its  permeability.  This  is  very 
well  shown  by  the  figures  given  in  the  second  column  of  the 
last  table,  wherein  it  appears  that  a  compression  of  226  kilos, 
per  sq.  cm.,  or  nearly  ij  ton  per  sq.  in.,  brought  down  the 
value  of  B  in  a  wrought-iron  bar  from  5600  to  3650;  or 
diminished  the  permeability  from  11 20  to  730.  Stress  also 
impairs  the  softness  of  iron,  A  piece  of  annealed  iron  wire 
hardened  by  previous  stretching,  behaves  more  like  a  piece  of 
steel,  as  may  be  seen  by  reference  to  Swing's  curves.  Fig.  88, 
p.  132.  Twisting  stresses  also  affect  the  magnetic  quality. 
The  reader  should  consult  Ewing's  papers  on  magnetism. 

Another  important  matter  is  that  all  such  actions  as 
hammering,  rolling,  twisting,  and  the  like,  impair  the  magnetic 
quality  of  annealed  soft  iron.  Pieces  of  annealed  wrought  iron 
which  have  never  been  touched  by  a  tool,  provided  they  do  not 
constitute  actually  closed  magnetic  circuits,  show  hardly  any 
trace  of  residual  magnetization,  even  after  the  application*  of 
magnetic  forces.  But  the  touch  of  the  file  will  at  once  spoil 
it  The  continual  hammering  of  the  armature  of  an  electro- 
magnet against  the  poles  may  in  time  produce  a  similar 
hardening  effect. 
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Effects  of  Vibration. 

The  effects  of  vibration  on  magnetism  are  to  diminish  all 
residual  actions,  and  to  cause  the  specimen  more  rapidly  to 
assume  the  mean  state  corresponding  to  the  magnetic  force 
present  If  a  specimen  of  soft  iron  is  examined  while  under 
rapid  vibration,  it  is  found  that  in  it  there  is  scarcely  any 
difference  between  the  ascending  and  descending  curves  of 
magnetization.  A  single  tap  on  a  wire  of  soft  iron  will  at 
once  destroy  any  residual  magnetism  in  it 

Effects  of  Heat. 

When  iron  is  warmed,  its  magnetic  properties  undergo 
singular  changes.  Rise  of  temperature  produces  different 
effects  at  different  stages  of  the  magnetization,  and  the  effects 
differ  in  different  materials.  In  soft  iron,  in  weak  magnetic 
fields,  the  effect  of  raising  the  temperature  is  to  produce  an 
increase  of  permeability,  which  goes  on  until  the  specimen  is 
at  a  full  red  heat,  about  760°  C,  when  it  reaches  the  enormous 
value  of  10,000,  after  which  point  it  suddenly  falls,  and  when 
the  temperature  of  780°  C.  (about)  is  reached,  the  iron  ceases 
to  be  a  magnetic  body,  its  permeability  at  that  temperature, 
and  at  all  higher  temperatures,  not  differing  sensibly  from  that 
of  air  or  vacuum.  But  if  placed  in  a  very  strong  magnetic 
field,  the  action  of  raising  the  temperature  produces  a  diminu- 
tion of  permeability,  at  first  slight,  then  more  rapid  until  the 
temperature  of  780°  C.  is  reached,  when  again  all  magnetism 
disappears.  In  steel,  the  effect  is  curiously  different.  In 
both  soft  and  hard  steels,  the  effect,  in  a  very  weak  magnetic 
field  of  about  H  =0*2,  of  raising  the  temperature  is  to 
increase  the  permeability,  until  it  is  heated  to  a  point  close  up 
to  700°  C,  when  it  suddenly  drops  to  zero.  In  a  field  of 
about  H  =  2,  its  magnetization  at  the  lower  temperatures  is 
greater,  and  the  final  drop  sets  in  at  a  temperature  consider- 
ably below  700°,  In  a  strong  field  of  H  =  40,  the  permeability 
drops  steadily  as  the  temperature  rises.  At  high  temperatures, 
too,  all  residual  effects  are  smaller. 
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Fig.  100  shows  the  eflfects  of  temperature  in  modifying  the 
magnetic  curve  of  soft  iron  when  under  a  magnetising  force 
of  H  =  4.     It  will  be  seen  that  the  permeability  increases 
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gradually,  as  the  temperature  rises,  from  about  2500  to  3000, 
at  a  temperature  of  630°,  after  which  it  drops  to  unity  at  a 
temperature  of  785°  C. 


Residual  Magnetism. 

It  is  well  known  that  several  kinds  of  magnetic  materials 
— lodestone,  steel,  particularly  hardened  steel,  and  hard  sorts 
of  iron — exhibit  residual  magnetism  after  having  been  sub- 
jected to  magnetic  forces.  It  is  also  known  that  closed 
circuits  of  soft  iron^-even  of  the  very  softest — ^will  exhibit  a 
considerable  amount  of  residual  magnetism  so  long  as  the 
circuit  which  they  constitute  is  unbroken.  A  very  simple 
illustration  of  this  is  afforded  by  any  electromagnet  possess- 
ing in  its  core  and  well-fitting  armature  a  compact  magnetic 
circuit.  If  it  is  excited  by  passing  a  current,  which  is  then 
quietly  turned  off,  the  armature  usually  does  not  drop  off,  and 
may  even  require  considerable  force  to  detach  it ;  but  when 
once  so  detached  will  not  again  adhere,  the  residual  magnetiza- 
tion not  being  permanent.  In  like  manner  a  steel  horse-shoe 
magnet,  if  magnetized  powerfully  while  its  keeper  is  across 
its  poles,  may  become  "  supersaturated " ;  that  is  to  say, 
magnetized  to  a  higher  degree  of  magnetization  than  it  can 
retain  in  permanence,  a  portion  of  this  residual  magnetization 
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disappearing  the  first  time  the  keeper  is  removed.  All  these 
residual  phenomena  are  part  of  a  wide  subject  of  magnetic 
after-effects.  Owing  to  causes  presently  to  be  discussed, 
magnetic  forces,  if  sufficiently  powerful,  produce  effects  on  the 
molecules  of  a  magnetizable  body  which  remain  after  the 
cause  has  passed  away,  with  the  result  that  if  the  causes 
change  in  a  continuous  manner  the  effects  also  change  in  a 
continuous  manner,  but  suffer  a  retardation  in  phase,  the  cause 
lagging  after  the  effect.  This  must  not  be  confused  with  an 
alleged  time-lag  of  magnetism  to  which  many  things  have 
been  supposed  to  be  due  which  were  really  due  to  quite  other 
things.  The  present  considerations  relate  to  retardations  in 
phase  rather  than  in  time,  and  occur  no  matter  whether  the 
operations  themselves  are  conducted  quickly  or  slowly. 

Reference  to  Fig.  92  will  show  that  when  the  magnetizing 
force  H  is  gradually  increased  from  zero  to  a  high  value,  and 
is  then  gradually  decreased  to  zero,  the  resulting  internal 
magnetization  B  first  increases  to  a  maximum,  and  then 
decreases,  but  does  not  come  back  to  zero.  The  curve 
descending  from  the  maximum  does  not  coincide  with  the 
ascending  curve.  In  fact,  when  the  magnetizing  force  has 
been  entirely  removed  there  remained  (in  this  specimen)  a 
residual  magnetization  of  about  47,000  lines  to  the  sq.  in.,  or 
about  7300  lines  per  sq.  cm.  It  has  been  proposed  to  give 
the  name  of  the  remarunce  to  the  number  of  lines  per  sq.  cm. 
that  thus  remain  as  the  residual  value  of  B.  To  remove  this 
remanence,  a  negative  magnetizing  force  must  be  applied. 
Suppose  enough  magnetizing  force  has  been  used,  the  curve 
will  descend  and  cut  the  horizontal  axis  at  a  point  to  the  left 
of  the  origin  ;  and  with  greater  negative  magnetizing  forces, 
the  specimen  will  begpin  to  be  magnetized  with  magnetic  lines 
running  through  it  in  the  reversed  direction.  The  particular 
^'alue  of  the  negative  magnetizing  force  which  is  needed  to 
bring  the  remanent  magnetization  to  zero  has  been  termed  by 
Hopkinson  the  coercive  force.  In  the  specimen  of  wrought 
iron  in  question  the  coercive  force  (in  C.G.S.  measure)  is 
about  2,  or  in  sq.  in.  measure  about  13.  The  force  thus 
required  to  deprive  any  specimen  of  its  remanent  magnetiza- 
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tion  may  be  taken  as  a  measure  of  the  tendency  of  iron  of 
this  particular  quality  to  retain  permanent  magnetism.  Hard 
kinds  of  iron  and  steel  always  show  more  coercive  force  than 
soft  kinds  of  iron.  For  example,  whilst  that  of  soft  wrought 
iron  is  about  2,  that  of  hard  steel  may  be  as  much  as  50. 

Hysteresis. 

Professor  Ewing,  who  has  particularly  studied  the  residual 
effects  exhibited  by  various  qualities  of  iron  and  steel,  has 
given  the  name  of  hysteresis  to  this  tendency  of  the  effects  to 
lag,  in  phase,  behind  the  causes  that  produce  them.  The 
appropriate  mode  of  studying  hysteresis  is  to  subject  the 
specimen  to  a  complete  cycle  (or  to  a  number  of  successive 

Fig.  ioi. 


Cycle  of  Magnetic  Operations  on  Annealed  Steel  Wire. 

cycles)  of  magnetizing  forces.  For  example,  let  the  mag- 
netizing force  begin  at  zero,  and  increase  to  a  high  value  (say 
to  H  =  200)  and  then  decrease  back  to  zero,  then  reverse  and 
increase  to  a  high  negative  value,  and  finally  return  to  zero. 
Such  a  cycle  is  given  in  Fig.  loi,  which  is  taken  from  Ewing's 
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researches,  and  relates  to  a  series  of  experiments  made  with  a 
piece  of  annealed  steel  pianoforte  wire.    The  curve  begins  in 
the  centre  of  the  diagram,  and  as  H  is  increased  positively, 
the  curve  rises  at  first  concavely  to  the  right,  then  turns  over, 
and  when  H  =  S^B  has  risen  to  a  little  over  14,000.     When 
H  is  then  reduced  back  to  zero  the  curve  turns  back  on  itself, 
but  does  not  fall  as  fast  as  it  previously  rose,  for  when  H  is 
reduced  to  20,  B  has  gone  down  only  to  12,000,  and  when 
H  =  o  the  remanence  is  about  10,500.      If  at  this  point  H 
had  been  again  increased  to  90,  B  would  have  run  up  again  to 
14,000,  as  shown  by  the  thin  line.       If,  however,  the  mag- 
netizing force  is  reversed,  the  curve  descends  to  the  left,  and 
cuts  the  horizontal  axis  at  —  24,  which  is  therefore  the  value 
of  the  coercive  force.    On  increasing  the  reversed  magnetising 
force  to  H  =  —  90,  the  reversed  magnetization  increases  to 
the  value  B  =  —  14,000,  or  a  little  more.     Then  when  these 
reversed  magnetizing  forces  are  reduced  to  zero,  the  curve 
returns    towards    the    right,  crossing    the  vertical  axis   at 
B  =  -  10,500  (the  negative  remanence)  ;  and  on  re-reversing 
the  magnetizing  force  it  is  found  that  when  H  =  +  24,  the 
magnetization  is  once  more  zero.    After  this  point,  increasing 
H  causes  the  magnetization  to  run  up  very  rapidly,  not  quite 
following  its  former  track,  but  coming  up  as  before  to  the 
apex,  when  H  is  raised  to  the  same  maximum  of  90. 

« 
CvcLES  OF  Magnetization. 

Such  cycles  of  magnetization  as  that  which  has  just  been 
described,  if  carried  out  on  any  specimen  of  iron  or  steel, 
always  yield  curves  that  exhibit,  like  Fig.  48,  an  enclosed 
area.  This  fact  has  been  shown  by  Warburg*  and  by  Ewing' 
to  possess  a  special  sig^ificaB^  for  the  area  inclosed  is  a 
measure  of  the  work  wasted  '»  carrying  the  iron  through  a 
complete  cycle  of  magnetizations.  Just  as  the  area  traced  out 
on  the  indicator-card  of  a  steam  engine  is  a  measure  of  the 

*  Wied.  Ann^  xiii.  141,  1881. 

'  Proc.  Roy.  Soc,^  xxxi.  22,  1881 ;  xxxir.  39,  1884 ;  and  xxxr.  I,  1885 ;  and 
^V.  Trans,^  pt.  u.  523,  1885. 
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heat  transformed  into  useful  work  in  the  cycle  of  operations 
performed  by  the  engine,  so  in  this  magnetic  cycle  the  area 
enclosed  by  the  curve  is  a  measure  of  the  work  transformed 
into  (useless)  heat.^ 

For  the  sake  of  comparison,  a  curve  for  wrought  iron  and 
one  for  steel  are  given  side  by  side  in  Fig.  102.     In  all  these 
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Hysteresis  in  Wrought  Iron  and  in  Steel. 


cases  the  closed  area  represents  the  work  which  has  been 
wasted  or  dissipated  in  subjecting  the  iron  to  these  alternate 
magnetizing  forces.  In  very  soft  iron,  where  the  ascending 
and  descending  curves  are  close  together,  the  enclosed  area  is 
small ;  and  as  a  matter  of  fact,  very  little  energy  is  dissipated 
in  a  cycle  of  magnetic  operations.  On  the  other  hand,  with 
hard  iron,  and  particularly  with  steel,  there  is  a  g^eat  width 
between  the  curves,  and  there  is  great  waste  of  energy. 

*  The  proofs  of  these  matters  are  as  follows.  In  a  magnetic  field  of  strength 
H  it  will  require  H  nnits  of  work  to  move  a  unit  of  magnetism  along  a  length  of 
I  centimetre  against  the  magnetizing  forces.  Hence,  since  there  are  4*  magnetic 
lines  to  each  unit  of  magnetism,  the  work  done  in  one  complete  cyde  on  a  single 

cuhic  centimetre  of  the  iron  will  be  equal  to  —  J  H  ^B.    If  H  and  B  are  in 

C.G.S.  units,  the  work  will  be  given  in  ergs  per  cubic  centimetre.  Hence  if  this 
number  is  multiplied  by  the  number  of  cycles  per  second  and  divided  by  lo?,  the 
result  will  express  the  number  of  watts  of  power  wasted. 
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Hysteresis  may  be  regarded  as  a  sort  of  internal  or  molecular 
magnetic  friction,  by  reason  of  which  alternate  magnetizations 
cause  the  iron  to  grow  hot.  Hence  the  importance  of  under- 
standing this  curious  effect,  in  view  of  the  construction  of 
electromagnets  that  arc  to  be  used  with  rapidly  alternating 
currents.  The  following  figures  of  Table  IX,  give  the  number 
of  watts  (i  watt  =  y^  of  a  horse-power)  wasted  by  hysteresis 
in  well-laminated  soft  wrought  iron  when  subjected  to  a  suc- 
cession of  rapid  cycles  of  magnetization. 


Table  IX. — Waste  op  Power  by  Hysteresis. 


ffi 

B« 

Watts  wasted 

per  cubic  foot  at 

ioc]rclesper 

second. 

Watts  wasted  per 

cubic  foot  at  xoo 

cycles  per 

second. 

4,000 

25,800 

40 

400 

5.000 

32,250 

475 

V  575 

6,000 

3«,7oo 

75 

750 

7,000 

45.150 

925 

925 

8,000 

51,600 

III 

1,110 

10,000 

64,500 

156' 

1,560 

12,000 

77,400 

206^ 

2,060 

14,000 

90,300 

262  V 

2,620 

16,000 

103,200 

324 

3»240 

17,000 

109,650 

394 

3»940 

18,000 

116,100 

487 

4,870 

It  will  be  noted  that  the  waste  of  energy  increases  as  the 
magnetization  is  pushed  higher  and  higher  in  a  dispropor- 
tionate degree,  the  waste  when  B  is  18,000  being  six  times 
that  when  B  'v&  6000.  In  the  case  of  hard  iron  or  of  steel  the 
heat  waste  would  be  far  greater. 

Hopkinson  has  made  the  remark  that  the  area  I   H  ^/B  is 

approximately  equal  to  a  rectangle,  the  height  of  which  is 
double  the  remanence,  and  the  breadth  of  which  is  double  the 
cocrdve  force. 

Ewing  has  given  the  following  values  of  the  energy  wasted 
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in  a  magnetic  cycle  of  strong  magnetization  on  various  brands 
of  iron  and  steel : — 


Table  X.— Waste  of  Energy  by  Hysteresis. 


Brand  expenmcntcd  upon. 


Very  soft  annealed  iron 
Less  soft        „  „ 

Hard  drawn  iron  wire 

Annealed  steel  wire      

Glass  hard  steel  wire 

Pianoforte  steel  wire  (ordinary  state) 

„  „      „    (annealed)  .. 

„  „      „    (glass hard.. 


Ergs  per  eubtc  centimetre 

lost  m  one  complefee  cyde* 

of  magnetisation. 


9»3a> 
16,300 

60,000 

70. 500 
76,000 

116,000 

94,000 

117,000 


These  figures  are  surpassed  by  some  of  the  brands  ex- 
amined by  Hopkinson,  who  found  that  oil-hardened  tungsten 
steel,  the  sort  chosen  for  making  permanent  magnets  because 
of  its  great  coercive  force,  wasted  no  less  than  216,864  ergs 
per  cubic  centimetre  per  cycle. 

Ewing  has  shown  that  vibration  tends  to  destroy  residual 
effects.  Also  Dr.  Finzi  has  found*  that  iron  cores  whilst 
traversed  by  an  alternating  electric  current  show  no  hysteresis, 
the  ascending  and  descending  curves  of  magnetization  coin- 
ciding. There  is  also  some  evidence  that  with  very  rapid 
frequencies  there  is  less  work  wasted  per  cycle  than  there 
would  be  in  the  same  cycle  performed  slowly. 

When  an  armature  core  is  rotated  in  a  strong  magnetic 
field  the  magnetization  of  the  iron  is  being  continually  carried 
through  a  cycle,  but  in  a  manner  quite  different  from  that  in 
which  it  is  carried  when  the  magnetizing  force  is  periodically 
reversed,  as  in  the  core  of  a  transformer.  Mordey  has  found  ' 
the  losses  by  hysteresis  to  be  somewhat  smaller  in  the  former 
case  than  in  the  latter. 


^  Tht  Eieciridan^  xx^L  72,  April  3,  1 891. 

'  See  also  Ewing,  in  EUeiridan^  xxyii.  602,  1891. 
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Magnetic  Creeping. 

Another  kind  of  after-effect  was  discovered  by  Ewing, 
and  named  by  him  "viscous  hysteresis."  This  is  the  name 
given  to  the  gradual  creeping  up  of  the  magnetization  when  a 
ftagnetic  force  is  applied  with  absolute  steadiness  to  a  piece 
of  iron.  This  gradual  creeping  up  may  go  on  for  half*an- 
hour  or  more,  and  amount  to  several  per  cent  of  the  total 
magnetization-  This  is  a  true,  but  slow,  magnetic  lag,  and 
must  not  be  confounded  either  with  the  lag  of  phase  discussed 
already  under  the  name  hysteresis,  or  with  the  apparent  lag 
due  to  the  retardation  of  the  magnetizing  current  resulting 
from  self-induction,  or  with  the  apparent  lag  observable  in 
unlaminated  iron  cores  due  to  eddy-currents  circulating  in  the 
mass  of  the  Iron  itself. 

F<»MULiE  FOR  TUB  LaW  OF  THE  ELECTROMAGNET. 

Many  attempts  have  been  made  to  find  a  working  formula  to 
express  the  amount  of  magnetism  which  is  produced  in  a  given 
electromagnet  by  an  exciting  current  of  any  particular  value.  Of 
these  an  elaborate  account  is  given  in  the  second  and  third  editions 
of  this  book.  As  these  are  not  founded  on  the  principle  of  the 
magnetic  circuit,  they  fail  to  account  for  all  the  various  facts.  And 
as  they  are  not  used  in  dynamo  designing,  they  may  be  very  briefly 
dismi^ed.  They  all  amount  to  attempts  to  find  a  formula  to  repre- 
sent algebraically  the  curves  of  magnetization  such  as  that  given  in 
Fig.  92,  p.  140. 

The  earliest  suggestion  of  Lenz  and  Jacobi  was  a  simple  pro- 
portion between  the  exciting  current  (or  ampere-tiuns)  and  the  mag- 
netism produced.  This  is  equivalent  to  saying  that  the  curve  of 
nu^netbatioti  is  a  straight  line  sloping  upwards  firom  the  origin. 
Joule  showed  that  this  law  was  not  true ;  that  with  sufiicient  mag- 
netiziag  power  saturation  set  in.  Miiller  (followed  by  Von  Walten- 
hofen,  Kapp,  and  others)  proposed  an  arc-tangent  formula;  sug- 
gesting that  if  the  exciting  current  be  represented  by  the  length  of 
a  straight  line  drawn  as  a  tangent  to  a  circle,  then  the  arc  which 
it  subtends  will  represent  the  amount  of  magnetism  which  results. 
This  gives  a  saturation  limit  (for  when  the  tangent  is  infinitely  long 
the  arc  attains  a  finite  value),  but  fails  to  represent  the  facts  in  the 
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earlier  stages  of  magnetization.  Lamont,  from  theoretical  consi- 
derations, proposed  an  exponential  formula,  from  which  he  deduced 
an  approximate  expression 

tn  = ; —  > 

I  -f  kx 

where  m  is  the  magnetism  at  any  stage,  M  is  its  possible  maximum 
value,  X  the  exciting  current,  and  k  a  constant  depending  on  the 
units  employed.  This  is  equivalent  to  saying  that  the  ratio  of 
mtox  (in  other  words,  tlie  permeability)  is  at  all  stages  proportional 
to  the  defect  of  saturation  M  —  »«. 

FrblkHs  Formula, — Lamont*s  formula  was  revived  by  Frolich,* 
and  largely  used  in  various  forms  by  various  writers,  including  the 
author  of  this  book.     Let  us  make  the  supposition  that  the  magnetic 

flux  N  will  have  at  complete  saturation  a  maximum  value  N,  and 
that  the  magnetizability  of  the  magnet  at  any  stage  is  proportional 
to  the  room  left  for  magnetic  lines,  that  is  to  N  —  N.  Now,  writing 
S  for  the  number  of  spirals  and  /  for  the  current  flowing  in  them,  we 
get  S  i  for  the  ampere-turns  of  exciting  power,  and  N  -f-  S »  will  be 
the  ratio  of  magnetism  to  magnetizing  power  or  magnetizability.  We 
may  then  write 

N  ^  N  -  N 

S/  h       \ 

where  >i  is  a  constant  of  the  particular  electromagnet,  the  nature  of 
which  will  be  shown  presently.  By  simple  transformation  this 
equation  beqomes 


N  =  N 


S/  +  >4 


and  it  is  clear  that  the  meaning  of  h  is  that  particular  number  of 
ampere-turns  which  will  reduce  the  magnetizability  to  half  its  initial 
value,  or  will  bring  up  the  magnetism  to  half-saturation. 

This  number  of  ampere-turns  the  author  named  the  diacritical 
number,  and  the  number  producing  half-saturation  he  called  the 
diacritical  current.  Dr.  Frolich  has  independently  made  use  of  this 
conception,  and  has  applied  it  in  his  formula  for  dynamos.  The 
argument  is  his ;  the  notation  here  used  is,  however,  the  author's. 

'  EUktroUchnische  Zeitschrift^  pp.  90,  139,  170,  1 881,  and  p.  73,  1882. 
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Writing  (Si)'  for  the  diacritical  number  of  ampere-turns,  we  have 
(S/}'  =  >t,  whence 


Sj+(S/)' 
But,  further,  if  S  is  known,  then  we  may  c^cel  it  out  and  write 

simply 

• 

where «'  is  the  diacritical  or  half-saturating  current  This  very  simple 
equation  is  approximately  true  for  every  electromagnet  excited  by  a 
single  current     Two  observations  made  on  any  electromagnet  will 

suffice  to  determine  the  two  constants  N  and  i\  Further,  if  r  be  the 
resistance  of  the  magnetizing  coil,  since  ir  =  e  (the  potential  required 
to  send  the  current  i  through  the  coil),  we  may  obviously  write  the 
equation 

where  ^  is  the  diacritical  difference  of  potential,  namely,  that  differ- 
ence of  potential  which,  appUed  to  the  coil  having  resistance  r  and 
convolutions  S,  will  half  saturate  the  core.  This  last  form  is  most 
convenient  when  calculations  are  to  be  made  about  shunt-d3mamos, 
whilst  the  one  preceding  it  is  the  more  useful  for  series  d3mamos. 

None  of  these  formulae  account  for  the  phenomenon  alluded  to 
on  p.  141,  which  is  observed  in  the  magnetization  of  many  pieces  of 
iron  and  steel  (and  especially  in  closed  rings  of  iron  and  steel), 
namely,  that  there  is  an  apparent  increase  in  the  permeability  after 
a  certain  early  stage  in  the  magnetization  has  been  reached.  Lenz 
first  noticed  this  in  1854.  Wiedemann,  Dub,  Stoletow,  Rowland, 
Chwolson,  Bosanquet,  and  Siemens  have  all  investigated  the  matter ; 
Rowland,  Bosanquet,  and  Ewing  in  particular  having  given  careful 
numerical  determinations  of  the  variations  of  permeability  under 
varying  degrees  of  ascending  magnetization.  The  researches  of 
Chwolson  and  of  Siemens  seem,  however,  to  show  that  the  apparent 
increase  of  the  permeabihty  is  due  to  the  want  of  homogeneity  in  the 
iron,  and  to  the  presence  of  a  certain  proportion  of  particles  having 
the  properties  of  hard  steel  and  requiring  a  certain  minimum  of 
magnetizing  force  to  be  applied  before  they  become  sensibly  mag- 
netized, there  being  an  apparent  more  rapid  growth  of  the  magnetism 
when  this  stage  is  reached.    According  to  this  view,  the  permeabihty 
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due  to  temporary  magnetism  begins  by  being  a  maximum,  and 
diminishes  as  the  magnetizing  force  is  increased ;  whilst  the  per- 
meability due  to  permanent  magnetism  is  zero  at  first  and  imdl  a 
certain  stage,  when  it  rises  rapidly  to  a  maximum  of  its  own,  and 
thereafter  dies  gradually  away.  That  which  Stoletow,  Rowland,  and 
Bosanquet  have  measured  with  so  much  care,  is  the  sum  of  these 
two  effects.  Siemens  makes  the  valuable  remark  that  the  harder  the 
piece  of  iron  or  steel,  the  later  is  the  stage  at  which  this  apparent 
maximum  of  magnetic  permeability  is  observed. 

The  result  of  this  superposition  of  effects  in  the  dynamo  machine 
is  that  when  the  ''characteristic"  is  taken  with  ascending  strengths 
of  current^  there  may  be  observed — ^and  this  is  not  marked,  save  in 
dynamos  in  which  the  iron  constitutes  very  nearly  a  closed  circuit 
on  itself-^a  concavity,  as  explained  on  p:  141,  in  the  first  part  of 
the  characteristic,  which  is  often  taken  as  an  oblique  straight  line. 
But  if  the  characteristic  is  taken  with  descending  strengths  of  current, 
no  such  concavity  is  observed,  the  magnetism  of  the  field-magnets, 
and  also  the  electromotive-force,  having  values  considerably  higher, 
for  the  same  value  of  exciting  current,  than  in  the  ascending  curve. 
The  presence  of  permanent  magnetism  in  the  core  is  therefore  detri- 
mental to  the  steadiness  of  the  field.  Even  with  the  softest  Swedish 
iron,  differences  may  be  observed  in  the  electromotive-fbrce,  with 
the  same  speed  and  the  same  exciting  current,  before  and  after  the 
exciting  current  has  been  increased  to  a  high  degree.  For  this 
reason  the  approximate  formula  known  as  Frolich's  is  good  enough 
as  a  first  approximation,  though  it  does  not  take  into  account  the 
presence  of  the  apparent  increase  in  permeability  or  the  retardation 
of  the  apparent  maximum  in  cores  having  greater  coercivity.  For 
further  information  on  the  differences  between  the  ascending  and 
descending  curves  of  magnetism,  the  reader  is  referred  to  the  re- 
searches of  Warburg,  Ewing,  and  Hopkinson,  or  to  the  summary  of 
them  in  the  earlier  part  of  this  chapter. 

Ewin^s  Molecular  Theory  of  Magnetism. — Ewing's  recent  theory 
of  induced  magnetism  accounts  for  the  observed  efiects,  but  does  not 
lend  itself  to  any  simple  formula.  He  has  shown  ^  that  all  the 
phenomena  of  hysteresis,  remanence,  influence  of  stress,  heat,  and 
the  like,  can  be  explained  on  the  supposition  that  the  individual 
molecules  which  act  as  elementary  magnets  are  subjected  to  mutual 
directive  actions.  He  supposes,  with  Weber,  that  the  act  of  mag- 
netization consists  in  tumibg  these  molecules  into  alignment  with  the 

'  Proc,  Roy*  Soc.,  June  19,  1890 ;  also  The  EUetridan^  xxy.  514.  541. 
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magnetic  force,  complete  saturation  being  attained  when  all  have 
been  completely  turned  round.     The  apparent  increase  in  perme- 
ability when  a  certain  value  in  the  magnetizing  force  has  been 
attained  he  explains  by  showing  that  at  a  certain  stage  an  instability 
i^ill  be  set  up,  when,  with  any  small  increase  in  the  magnetizing 
force,  a  large  number  of  the  molecular  magnets  will  suddenly  swing 
roimd  into  new  positions.     He  has  further  shown  that  in  a  model 
constracted  with  a  large  number  of  small  pivoted  magnets  exercising 
mutual  influences,  the  magnetic  properties  can  be  explained  by  con* 
sidering  the  configurations  assumed  by  the  system  under  the  joint 
action  of  external  and  internal  magnetic  forces.     Mr.  A.  Hoopes  ^ 
has  verified  Swing's  theory  by  studying  the  magnetic  properties  of 
snch  an  assemblage  of  small  pivoted  needles  acting  as  a  whole, 
and  finds  the  system  to  exhibit  instabilities  and  hysteresial  effects 
like  those  of  masses  of  iron. 

Magrutic  RelucHviiy, — ^The  reciprocal  of  magnetic  permeability 
has  been  called  reluctivity  by  Kennelly.'  If  this  quantity  is  plotted 
out  against  H,  the  curve  so  plotted  is  nearly  a  straight  line,  or  the 
reluctivity  is  a  linear  function  of  H  of  the  form  ^i  +  3  H.  This 
oblique  line  is  simply  the  reciprocal  to  the  hyperbolic  curves  found 
\sj  Stoletow  and  others  for  /x  and  H.  As  pointed  out  by  Fleming,^ 
and  more  iec:ently  by  Kenndly,  the  circumstance  that  the  reluctivity 
is  found  so  nearly  a  linear  function  of  H  is  a  justification  of  the 
empirical  formula  of  Frolich  given  above  on  p.  166. 

»  Electrical  World,  xvii.  358,  1891. 

'  Ibid.^  xviii.  350,  1891. 

'  Jomrnal  Inst*  Electrical  Engineers^  xt.  570^  1886. 
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CHAPTER  VII. 

THE  MAGNETIC  CIRCUIT. 

The  most  important  recent  step  in  the  practical  treatment 
of  magnetic  problems  has  been  the  use  of  the  conception  of 
the  magnetic  circuit.  The  principle  is  briefly  as  follows  :  that 
a  minimum  expenditure  of  magnetizing  power  will  give  a 
maximum  of  effective  magnetism,  when  the  iron  parts  of  the 
dynamo y  the  cores  of  the  field-magnets^  the  yoke,  the  pole-pieces, 
and  the  core  of  the  armature,  are  so  disposed  that  they  constitute 
together  a  magnetic  circuit  having  a  minimum  magnetic 
reluctance. 

It  is  no  novelty  to  regard  the  magnetism  of  a  magnet  as 
something  that  traverses  or  circulates  around  a  definite  path, 
flowing  more  freely  through  such  substances  as  iron,  than 
through  other  relatively  non-magnetic  materials.  Analogies 
between  the  flow  of  electricity  in  an  electrically-conducting 
circuit,  and  the  passage  of  magnetic  lines  of  force  through 
circuits  possessing  magnetic  conductivity  are  to  be  found 
abundantly  in  the  literature  of  the  science.  So  far  back  as 
1 82 1,  Gumming^  experimented  on  magnetic  conductivity. 
The  idea  of  a  magnetic  circuit  was  more  or  less  familiar  to 
Ritchie,*  Sturgeon,*  Dove,*  Dub,'  and  De  la  Rive'  the 
last-named  of  whom  explicitly  uses  the  phrase  "  a  closed 
magnetic  circuit,"     Joule '  found  the  maximum  power  of  an 

*  Camh,  Phil,  Trans,,  April  2,  1 821. 

*  Phil,  Mag.^  series  iii.  vol.  iii.  122. 

*  Ann,  of  EUctr.,  xii.  217. 

*  Pogg^  Ann.,  xxix.  462,  1833.     See  also  Pogg.  Ann,,  xliii.  517,  1838. 

*  Dub,    Elektromagnetiitnus,  p.  401   (ed.    1816) ;   and  Pogg,  Ann,,  xc   440, 

1853. 

*  De  la  Rive.     Treatise  on  Electricity  (Walker's  translation),  i.  292. 

7  Ann,  of  Electr,,  iv.  59,  1839  ;  v.  195,  1841  ;  and  Scientific  Papers,  pp.  8,  34, 
3  5»  36. 
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electromagnet  to  be  proportional  to  "  the  least  sectional  area 
of  the  entire  magnetic  circuit,"  and  he  considered  the  resist- 
ance to  induction  as  proportional  to  the  length  of  the  mag- 
netic circuit     Faraday  ^  considered  that  he  had  proved  that 
each  magnetic  line  of  force  constitutes  a  closed  curve ;  that 
the  path  of  these  closed  curves  depended  on  the  magnetic 
conductivity  of  the  masses  disposed  in  proximity ;  that  the 
lines  of  magnetic  force  were  strictly  analogous  to  the  lines 
of  electric  flow  in  an  electric  circuit     He  spoke  of  a  magnet 
surrounded  by  air  being  like  unto  a  voltaic  battery  immersed 
in  water  or  other  electrolyte.     He  even  saw  the  existence  of 
a  power,  analogous  to  that  of  electromotive-force  in  electric 
circuits,  though  the   name   magnetomotive-force   is   of  more 
recent  origin.      The  same  idea   is  more  or  less  implicitly 
rec(^rnised  in  the  latter  half  of  the  magnetic  papers  in  Sir 
William  Thomson's  collected   volume  on  Electrostatics  and 
Magnetism.     The  notion  of  magnetic  conductivity  is  to  be 
found  in  Maxwell's  great  treatise  (vol.  ii.  p.  51),  but  is  only 
briefly   mentioned.      Rowland^  in    1873   expressly  adopted 
the  reasoning  and  lang^uage  of  Faraday's   method   in  the 
working  out  of  some  new  results  on  magnetic  permeability, 
and  pointed  out  that  the  flow  of  magnetic  lines   of  force 
through  a  bar  could  be  subjected  to  exact  calculation  ;  the 
elementary  law,  he  says,  "is  similar  to  the   law  of  Ohm." 
Writing  R  for  the  "  resistance  to  lines  of  force,"  M  for  "  mag- 
netizing force  of  helix,"  and  Q  for  number  of  "  lines  of  force 
in  a  bar  at  any  point,"  he  wrote,  for  a  particular  case  (a  ring- 
magnet,  having    therefore   a  closed   magnetic   circuit),   the 
equation, 

an  equation  for  magnetic  circuits  which  every  electrician  will 
recognise  as  being  precisely  like  Ohm's  law.  He  applied  the 
calculations  to  determine  the  permeability  of  certain  specimens 

*  Experimental  Researches^  vol.  iii.  arts.  31 17,  3228,  3230,  3260,  3271,  3276, 
3294.  »nd  3361. 

'  PkU.  Mag,y  series  iv.  toL  xlvi.  August  1873.  '  ^^  Magnetic  Permeability 
and  the  Maximum  of  Magnetism  of  Iron,  Steel,  aad  Nickel.' 
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of  iron,  steel,  and  nickel.  In  1882,^  and  again  in  1883,  Mr.  R- 
H.  M.  Bosanquet^  brought  out  at  greater  length  a'  similar 
argument,  employing  the  extremely  apt  term  "Magneto- 
motive Force,"  to  connote  the  force  tending  to  drive  the 
magnetic  lines  of  induction  through  the  "  magnetic  resistance  " 
or  *'  reluctance  "  of  the  circuit.  In  these  papers  the  calculations 
are  reduced  to  a  system,  and  deal  not  only  with  the  specific 
properties  of  iron,  but  with  problems  arising  out  of  the  shape 
of  the  iron.  Bosanquet  shows  how  to  calculate  the  several 
reluctances  of  the  separate  parts  of  the  circuit,  and  then  add 
them  together  to  obtain  the  total  reluctance  of  the  magnetic 
circuit 

Prior  to  this,  however,  the  principle  of  the  magnetic  circuit 
had  been  seized  upon  by  Lord  Elphinstone  and  Mr.  Vincent, 
who  proposed  to  apply  it  in  the  construction  of  dynamo- 
electric  machines.  On  two  occasions  ^  they  communicated 
to  the  Royal  Society  the  results  of  experiments  to  show  that 
the  same  exciting  current  would  evoke  a  larger  amount  of 
magnetism  in  a  given  iron  structure,  if  that  iron  structure 
formed  a  closed  magnetic  circuit,  than  if  it  were  otherwise 
disposed.  They  embodied  their  ideas  in  a  form  of  dynamo,* 
which  however,  on  account  of  mechanical  difficulties,  did  not 
establish  itself  as  a  permanent  type  of  machine.  The  work 
of  Lord  Elphinstone  and  Mr.  Vincent  was  not  however  lost, 
for  the  principle  thus  introduced  by  them  into  the  construc- 
tion of  dynamos  took  root  and  bore  fruit.  In  June  1884,  the 
author  of  this  book,  in  the  preface  to  its  first  edition,  writing 
on  the  imperfection  of  our  knowledge  of  the  laws  of  magnetic 
induction  wrote  :  We  want  some  new  philosopher  to  do  for  the 
magnetic  circuit  what  Dr.  Ohm  did  for  the  voltaic  circuit  fifty 
years  ago.  Jin  the  autumn  of  the  same  year,  at  the  conference 

*  Proc.  Roy.  See.,  xxxiv.  445,  December  1882. 

'  PJUl  Mag.y  series  v.  toI.  zt. '205,  March  1883.  'On  MagDcto-motive 
Force.'  Also  Und.^  vol.  xix.  February  1885  ;  and  Proc.  Roy.  Soc^  No.  223,  1883. 
See  also  EUetruian,  xiv.  291,  February  I4tb,  1885. 

»  Froc.  Roy.  Soc.^  xxix.  292,  1879 ;  and  xxx.  287,  l88a  See  Electrical 
Review y  viii.  134,  i88a 

*  -Specifications  of  Patents,  332  of  1879,  and  2893  of  i88a  See  also  the 
former  editions  of  this  work. 
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of  electricians  at  Philadelphia,  Professor  Rowland  read  a 
paper  ^  in  which  he  proposed  a  formula  for  the  number  of 
magnetic  lines  in  a  field-magnet.  He  found  the  product  of 
the  existing  current  into  the  number  of  spirals  in  which  it 
circulated  (i.e.  the  ampere-turns)  and  divided  this  by  a  com- 
plex expression,  representing  the  resistance  to  the  flux  of  the 
magnetic  lines  in  the  air  and  in  the  iron ;  allowing  something 
for  the  tendency  of  some  of  the  magnetic  lines  to  escape. 

An  important  development  of  the  foregoing  ideas  was 

made  by  Mr.  Gisbert  Kapp,  in  a  series  of  papers  contributed 

to  the  Electrician^  h^'wtJtii  February  1885  and  April  1886 

in  which  the  question  of  the  design  of  dynamos  was  discussed 

from  this  point  of  view,  with  many  illustrations  touching  the 

forms  of  field-magnets,  and  aome  calculations  and  formulae  of 

great  interest    While  these  papers  were  in   progress,  the 

author  was  preparing  for  the  press  the  second  edition  of  this 

work,  and  drew  up  the  sketches  of  the  magnetic  circuits  of  a 

laige  number  of  types  of  dynamo  machines,  that  are  given  in 

a  collected  form  in  Fig.  119.    Three  months  later  a  sheet  of 

figures,  very  closely  resembling  these,  was  given  by  Mr.  Kapp, 

who  had    prepared    them   in    entire    independence,  in    an 

important  paper*  which  he  communicated  on  Nov.  24th,  1885, 

to  the  Institution  of  Civil  Engineers.     In  this  paper  Kapp 

adopted  a  new  unit  of  lines  of  force,  6000  times  greater  than 

the  C.G.S.  unit,  the  reason  of  this  being  that  he  preferred  to 

have  to  divide  by  lO*  instead  of  10®,  and  to  speak  of  the 

number  of  revolutions  per  minute  instead  of  the  number  of 

revolutions  per  second.     Using  Z  for  the  number  of  magnetic 

lines,  in   Kapp  units  (where  Z  =  N  of  our  notation  C.G.S. 

units  -f-  6000),  and  «  for  revolutions  per  minute,  Kapp  puts, 

E  (volts  in  armature)  =  Z  •  N/*  «  •  lo*  ; 


'  Report  of  the  Electrical  Confereoce  at  Philadelphia  in  18S4,  p.  77.     See 
iiso  Electrical  Revintff  xv.  368,  18S4  ;  and  Electrician,  xiil  536,  1884. 

*  EUetrieiaM,  xiv.  159,  307»   347f  390.  431,   511;  xv.  23,  190^  250;  xvi. 

7,406. 

*  Proc.  Inst.  Cwl  Engineers,  Ixxxiii.  (1885-6),  pt.  I,   "  Modem  Continuous- 
Cmsent  Djunno-Eiectric  Macfaiaea  and  their  Knginrn. " 
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the  symbol  N/  standing  for  number  of  turns  of  wire  around 
the  armature  as  counted  all  round  the  periphery  (the  same 
for  which  symbol  C  is  used  in  this  book  hereafter).  Kapp 
then  further  wrote  for  the  magnetic  circuit  the  formula 


where  P  is  the  exciting  power  in  ampere-turns,  R«  the  mag- 
netic reluctance  of  the  air-space,  R^  that  of  the  armature 
core,  R^  that  of  the  field-magnets.  Now  let  8  represent 
distance  across  the  span  between  armature  core  and  polar 
surface,  b  breadth  of  armature  as  measured  parallel  to  axis, 
X  the  length  of  arc  embraced  by  polar  surface,  so  that  X  ^  is 
the  polar  area  out  of  which  magnetic  lines  issue,  a  radfal 
depth  of  armature  core,  so  that  ^  ^  is  area  of  section  of 
armature  core  (space  actually  occupied  by  iron  only  being 
reckoned),  A  B  area  of  field-magnet  core,  /  length  of  magnetic 
circuit  within  armature,  L  ditto  in  field-magnet ;  all  the 
dimensions  being  measured  in  inches  or  square  inches  respec- 
tively. Then,  in  case  of  an  ordinary  single  magnetic  circuit, 
Kapp  writes 

R.=  14405;;-^, 
R   -    ' 

R,=  2    ^ 


AB' 

The  coefficient  1440  arises  from  the  peculiar  units,  inch 
for  length,  minute  for  time,  and  6000  C.G.S.  for  unit  of 
magnetic  lines ;  and  this  number  may  be  taken  as  repre- 
senting in  this  mixed  system  of  units  the  specific  magnetic 
reluctance  of  air.  The  coefficient  2  relates  to  the  specific 
reluctance  of  wrought  iron  or  charcoal  iron  ;  the  figure  3  must 
be  substituted  in  case  of  cast-iron  magnets.^  Moreover,  on 
account  of  magnetic  leakage  in  the  formula  for  Z,  0*8  P  has 

'  These  formulse  are  explained  in  Electrician^  xv.  250,  August  14th,  1885. 
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to  be  used  instead  of  P.  In  the  debate  on  this  paper,  Prof. 
G.  Forbes  gave  a  further  modification  of  the  formula.  Still 
more  recently  Mr.  Kapp^  has  returned  to  the  subject,  and  has 
given  an  empirical  rule  for  calculating  the  variations  of  the 
magnetic  reluctance  of  the  iron  at  the  various  stages  of 
magnetism. 

In  May  1886,  Drs.  John  and  Edward  Hopkinson  com- 
municated to  the  Royal  Society  ^  a  very  complete  and 
elegant  investigation  of  the  problem  of  magnetic  circuits,  for 
the  purpose  of  finding  a  suitable  and  accurate  expression  for 
the  electromotive-force  of  the  dynanlo  in  terms  of  the  mag- 
netizing current;  tlie  most  important  part  of  their  investi- 
gation being  directed  to  constructing  the  curve  characteristic 
of  magnetization  of  the  dynamo  from  the  ordinary  laws  of 
magnetism  and  from  the  known  properties  of  iron.  The 
process  in  its  first  approximation  resembles  the  process 
adopted  by  Kapp ;  but  it  stands  alone  in  an  important 
respect,  namely,  that  its  authors  plot  a  separate  characteristic 
curve  for  the  relation  between  the  magnetizing  force  and  the 
induction  for  each  separate  part  of  the  magnetic  circuit,  and 
then  sum  up  the  separate  curves  so  as  to  obtain  a  final 
resultant  characteristic  curve.  This  is  done  first  on  the 
assumption  that  there  is  no  magnetic  leakage,  and  with 
other  assumptions  for  the  sake  of  simplifications.  After  a 
first  approximation  has  thus  been  obtained,  the  theoretical 
result  is  compared  with  the  actual  result  of  experiment, 
thereby  affording  a  means  of  estimating  the  corrections  that 
must  be  introduced,  the  magnitude  of  the  correcting  factors 

*  Journal  Soc.  Telegraph  Engineers  and  Electricians^  xv.  524-529,  No* 
vember  nth,  1886.  '*0n  the  Predetermination  of  the  Characteristics  of 
Dynamos"  ;  a  very  valuable  paper  marred  by  mixed  units.  Those  who  wish  to 
study-  examples  of  this  mode  of  calculating,  will  find  some  examples  in  a  paper 
commnnicated  by  Professor  Jamieson  in  Jan.  1889  to  the  Institution  of  Engineers 
^ind Shipbuilders  in  Scotland;  vide  Electrician,  March  I,  1889. 

^  PhiL  7>wi/.,  part  L  p.  331,  1886.  «*  Dynamo-Electric  Machinery.*'  This 
important  paper  is  reprinted  in  extenso,  but  without  the  plates,  in  Electrical 
Resiem,  xviiL  471,  November  12th,  1886,  and  subsequent  numbers.  See  also 
Ekctician,  xviii  39,  63,  86,  and  175,  in  issues  of  November  19th,  November 
26th,  December  3rd,  and  December,  31st,  1886,  where  the  figures  of  the  plates 
ut  printed  in  the  text. 
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being  thus   known,  and   the   theory  perfected   to   a  second 
degree  of  approximation. 

In  describing  the  Hopkinsons'  formulse,  we  shall  employ 
not  their  notation,  but  the  same  that  is  adopted  in  the  rest  of 
this  book  (see  p.  208), 

Let  N  be  the  whole  magnetic  flux  through  the  armature, 
that  is  to  say,  the  total  number  of  lines  of  ma^etic  force 
that  pass  into  the  armature  core  on  one  side  and  out  of  it 
at  the  other.  Assume  (to  simplify  matters)  that  there  is  no 
waste  or  leakage  of  m^netic  lines.  Then  remember  that 
the  magneto  -  motive  force 
'"^  "•*  (or  line-integral  of  the  mag- 

netizing* forces  acting  round 
the  circuit)  is  equal  to   4  n- 
S  »  -i-  10,  where  S  is    the 
number  of  turns  of  wire  and  f 
the  amperes.     Now  the  mag- 
netic reluctance  of  any  noag- 
netic    conductor    is    propor- 
tional   to     its    length     and 
inversely  proportional   to  its 
sectional     area,      and      also 
inversely  prt^xntional   to   its 
permeability.    Suppose  theo, 
as   shown   in    Fig.  103,    that 
the  magnetic  circuit  of  tlie 
dynamo  is  made  up  simply 
of  three  parts ;  an  iron  armaturercore,  the  two  air-gaps,  and 
the  iron  field-magnets,  then  the  iron  armature^rore,  in  which 
the  average  length  of  path  for  the  magnetic  lines  is  /t,  the  aver- 
age sectional  area  Ai,  and  of  permeability  p,\,  will  have  a 

magnetic  reluctance  equal  to  — ^  .     Similarly  for  the  two 

gaps :  if  the  length  of  path  across  each,  from  iron  to  iron,  be 
called  ^,  and  the  area  of  either  polar  surfaces  be  A,,  and  the 

'  See  Maxwell'i  Elatritity  and  MagntHsm,  voL  \L  art.  499  j  or  S.  P. 
Tltompton's  ElttntHlary  Lriiam  ett  Eltetrialy  cmd  JUagnttum  (oditaea  of  1887, 
pp.  391-396.     See  alto  p.  135  of  (bis  book. 
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permeability  of  the  matter  that  occupies  the  gaps  be  called 
/%»  then  the  magnetic  reluctance    these    two  offer  to  the 

magnetic  flux  will  be  2 ^  ;  or,  remembering  that  for  air, 

copper,  and  all  ordinary  non-magnetic  substances  /a  =  i,  this 

may  be  written  simply  2  -^ .      Similarly  for  the  iron  field- 

Aj 

magnet ;    writing  4  for  length  of  path  through  the  iron  from 

pole  to  pole,  A3  for  sectional  area  (supposed  to  be  equal 

throughout),  and  /ts  for  permeability,  the  magnetic  reluctance 

/ 
will  be  — J-  .    Adding  these  three  reluctances  together,  we 

/*3  A3 

get  as  the  total  reluctance  of  the  magnetic  circuit  the  value 


fix  Ai         A3       /X3  A 


3 


Whence  we  may  immediately  write  down  as  the  appropriate 

formula, 

^  ^  ,         ,         -  ^-    1-  magneto  motive-force 

total  number  of  magnetic  lines  =  — **        .-      ,     - — —  :  or 

magnetic  reluctance    ' 

fyi _4:^Sj _ 

(^1  Ai  Aa       A^  A3  ) 

As  a  matter  of  fact,  the  Hopkinsons  stated  their  formula 
a  little  more  generally.  In  the  first  place^  instead  of  adding 
up  the  separate  magnetic  reluctance,  tney  calculated  the 
magnetic  forces  needed  in  the  separate  parts  and  then  added 
these  together.  In  the  second  place,  instead  of  assuming 
the  existence  of  /*  for  the  different  parts,  they  contented 
themselves  with  saying  that  the  magnetic  induction  in  each 
part  must  be  some  function  of  the  magnetic  force  acting  in 
that  part  Now,  if  there  be  a  flux  of  N  magnetic  lines 
^SiS^ng  through  sectional  area  A  square  centimetres,  the 
number  of  lines  per  square  centimetre,  which  we  call  the 

N 
''induction  "  B,  will  be  equal  to  ■^.    Accordingly,  we    may 

N 


1 7S  Dynamo-Electric  Machinery. 

write   for  the  magnetomotive-force  acting  in   the  armature 

part  of  the  magnetic  circuit /(—-)  x  A,  which    "function" 

may  be  examined  and  plotted  out  as  a  curve.  In  fact 
the  curves  of  magnetization,  such  as  are  given  on  p.  132, 
are  nothing  else  than  curves  which  show  the  relation  between 
the  magnetizing  forces  and  the  amount  of  magnetism  they 

induce.     There  will  be  a  similar  expression  fy-r-)  X  4  for 

the  magnetomotive-force  that  acts  in  the  field-magnet  part, 
whilst    for    the    gaps    the   magnetomotive-force    is    simply 

-;r-  X  2  /o ;  for  the  function  for  air  =  i.  Now,  if  we  know 
Aa 

the  separate  amounts  of  magnetizing  force  required  to  produce 

these  magnetic  inductions  in  the  separate  parts,  it  is  clear 

that  the  whole  or  integral  magnetizing  force  in  question  will 

be  got  by  adding  them  together,  giving 

* 

There  are  three  advantages  in  this  mode  of  stating  the 
matter : — (i)  The  use  of  the  function  of  which  the  value  is  to 
be  found  by  reference  to  a  curve  or  tabulated  set  of  observa- 
tions (such  as  those  given  in  Figs.  92,  93,  and  95,  or  statisti- 
cally on  p.  146),  instead  of  merely  using  the  symbol  /a,  makes 
the  expression  more  general;  (2)  the  separate  terms  being 
differently  affected  by  leakage  of  the  magnetic  lines,  it  is  easy 
to  apply  a  correction  to  any  one  of  them  separately ;  (3)  this 
form  of  the  formula  is  convenient,  in  the  case  of  a  given  iron 
carcase,  to  calculate  the  number  of  ampere-turns  required  to 
excite  the  working  quality  of  magnetism.  For  we  have 
now  three  terms,  the  first  telling  us  how  many  ampere-turns 
of  excitation  are  required  to  drive  N  magnetic  lines  through 
the  reluctance  of  the  armature  core,  the  second  telling  how 
many  are  required  to  drive  N  lines  through  the  gap-space, 
and  the  third  telling  how  many  are  required  to  drive  N  lines 
through  the  iron  cores  of  the  field-magnets.  In  a  well- 
designed  dynamo  the  second  term  is  numerically  the  most 
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important  of  the  three,  and  it  is  not  complicated  by  any 
question  ot  saturation ;  for  in  air  the  magnetic  induction  is 
always  proportional  to  the  inducing  magnetic  force.  To  re- 
present this  graphically  upon  a  diagram  (Fig.  104),  plot  out  as 
ordinates  the  numbers  of  magnetic  lines  that  are  forced  round 
the  circuit,  and  plot  horizontally  as  abscissae  the  corresponding 
values  of  the  requisite  magnetomotive-force  4  Tr  S  j  -f-  10.  For 
the  second  term,  which  relates  to  the  gaps,  the  relation  will 
be  represented  simply  by  a  sloping  line  such  as  O  B.  For 
example  the  number  of  magnetic  lines  N  that  are  to  be  forced 
across  the  gap  between  the  armature  and  field-magnets  being 


Fig.  104. 
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0  ^ 
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represented  to  scale  by  the  length  of  the  line  O  N,  the  cor- 

N 

responding  value  of  2  4  -x- ,  which  is  the  corresponding  part 

of  the  magnetomotive-force,  when  plotted  out  on  the  hori- 
zontal scale  as  O  Xa,  gives  ^  as  a  point  through  which  the 
line  passes.  Similarly  we  may  construct  a  curve  to  represent 
the  first  term  by  the  curve  A  ;  for  if  we  know  from  experiments 
made  on  iron  of  the  same  kind  as  is  used  in  the  armature  core 
the  values  of  the  function /(or,  what  comes  to  the  same  thing, 
the  various  corresponding  values  of  /ij)  we  can  calculate  the 

N  2 
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value  of  the  quantity  A/f-r-)  and  set  it  off  as  O  x^y  giving  a 

as  a  point  on  this  curve.     Similarly  the  curve  C  is  calculated 
point  by  point  for  the  third  term,  by  using  knowledge  derived 
from  experiments  made  on  iron  of  the  same  kind  as  is  used  in 
the  field-magnets.    Now,  from  these  three  curves  A,  B,  and  C, 
which  represent  the  various  values  of  the  three  terms  on  the 
left-hand  side  of  the  equation,  we  can  at  once  get  the  resultant 
curve  that  is  characteristic  of  the  whole  magnetic  circuit  of 
the  dynamo.     For  if  we  draw  a  level  line  across  at  the  point 
N,  we  know  that  the  three  overlapping  lengths  N  <2,  N  ^,  N  r, 
(which  are  respectively  equal  to  the  three  lengths  O  Xi,  O  x^^ 
and  O  x^i)  represent  the  three  corresponding  separate  parts 
of  the   magnetomotive-force.    Adding  these    three  lengths 
together,  we  get  O  ;ir  or  N  r  as  the  total  magnetomotive-force ; 
and  this  gives  us  r  as  a  point  on  the  resultant  curve,  which 
we  may  complete  by  finding  other  points  in  a  similar  way 
and  sweeping  the  curved  line  O  R  through  them.     Having  in 
this  way  built  up  a  curve  characteristic  of  the  magnetization, 
the  Hoj>kinsons  then  proceeded  to  correct  it  by  considering 
the  leakage.     They  found  that  in  the  dynamo  experimented 
upon  (an  Edison-Hopkinson)  only  about  three-fourths  of  the 
magnetic  lines  created  in  the  field-magnet  actually  passed 
through  the   armature  core,  the  rest  leaking   across  either 
between  the  pole-pieces  through  the  air  or  the  bed-plate,  or 
else  turning  back  from  the  pole-pieces  to  the  yoke  at  the 
top.     Experiment  gave  the  ratio  of  the  magnetic  flux  at  a 
point  half  way  up  the  upright  iron  cores  to  the  flux  through 
the  armature  as  i '  32.     That  is  to  say,  in  this  particular  type 
of  machine,  to  force  100  lines  through  the  armature  core  one 
will  have  to  excite  132  in  the  field-magnet  cores,  and  therefore 
will  have  to  put  on  more  magnetomotive-force  accordingly. 
Let  the  symbol  v  stand*  for  this  ratio.    Then  in  the  particular 
dynamo  experimented  on  there  was  a  yoke  at  the  top  through 
which  the  length  of  (curved)  path  was  /i,  and  which  had  cross- 
section  A4.     There  were  also  solid  pole-pieces,  for  which  the 

^  It  can  be  determined  ^perimentally,  or  calculated  as  hereafter  shown. 
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corresponding  quantities  were  called  /,  and  A5.     Inserting 
these  additional  matters  into  the  equation,  it  now  becomes 

=  4  TT  S  /  -f-  10. 

Fig.  105. 
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There  are  now  five  terms  to  be  calculated  giving  five 
curves.  Moreover,  as  is  well  known,  with  descending  mag- 
netizing forces  the  curve  of  magnetization  is  different  from  the 
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curve  with  ascending  magnetizing  forces.  Fig.  105,  which  is 
taken  from  the  Hopkinsons'  paper,  shows  how  they  plotted 
out  both  for  ascending  and  descending  magnetizations  the  five 
curves.  Of  these,  A  relates  to  the  armature,  B  to  the  two 
interstitial  gaps,  C  to  the  field-magnet  cores,  G  to  the  yoke, 
and  H  to  the  two  pole-pieces.  The  resultant  ascending  and 
descending  curves  are  also  shown.  They  agree  remarkably 
well  with  the  crosses  and  points  which  were  plotted  out  from 
actual  experiment.  The  dotted  curves  and  the  crosses  sur- 
rounded with  circles  relate  to  descending  magnetization.  The 
student  should  not  fail  to  consult  the  original  paper,  which 
though  brief  is  full  of  important  matter,  and  in  which  applica- 
tions of  this  method  to  two  dynamos  of  different  types  are 
given. 

The  magnetization  curves,  Figs.  95  and  96,  pp.  144  and 
145,  being  the  same  used  by  the  Hopkinsons,  may  be  used 
by  the  student  The  ordinates  being  values  of  N  -f-  A,  the 
abscissae  give  the  corresponding  values  of  /  (N  -r-  A)  or  of 

-(N-^A). 

Example, — In  one  particular  machine  examined  by  the  Hopkin- 
sons, the  same  Edison-Hopkinson  dynamo  described  on  p.  521, 
Figs.  351,  352,  the  following  were  the  dimensions  : — /i  13  centimetres, 
4  1*5  centimetre,  /»  91*4  centimetres,  /*  49  centimetres,  4  11  centi- 
metres; Ai  810  square  centimetres;  A,  on  core  141  o,  on  polar  &ce 
15 13  square  centimetres,  or,  allowing  for  spreading,  say  1600  square 
centimetres ;  A,  930  square  centimetres ;  A4 1 120  square  centimetres ; 
A2  1230  square  centimetres ;  z/  =  i'32  ;  N,  when  the  machine  was 
at  full  work,  a  little  over  10,850,000 ;  S  =  3260 ;  r,  =  16  •93. 


Leakage  of  Magnetic  Lines. 

In  all  dynamos  there  is  some  magnetic  leakage.  That  is 
to  say,  in  all  dynamos,  of  the  magnetic  lines  which  are  excited 
in  the  field-magnet  some  fail  to  pass  through  the  armature, 
and  leak  out  sideways,  constituting  a  stray  field.  In  some 
cases  more  than  half  the  magnetic  lines  are  wasted  in  leakage. 
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The  ratio  of  total  field  to  useful  field  is  known  as  the  co- 
efficient of  leakage  t/.  Esson^  has  given  the  following  values 
in  sundry  machines. 

Stray  Field  in  Different  Dynamos. 


5«ine  of  Machine. 

Field. 

Anoukture. 

Vftlae  of 

Edison-Hopkinson 

Single  Magnet, 
2-pole 

Drum 

Poles  next  bed- 
plate 

1*32 

Siemens 

Single  Magnet^ 
2-poIe 

Drum 

Yoke  next  bed- 
plate 

I '30 

Pbcmix 

Single  Magnet, 
2-pole  (Fig.  8) 

Long  Ring 

Yoke  next  bed- 
plate 

1-32 

Phoenix 

Double  Magnet, 
2-poIe  (Fig.  3) 

Long  Ring 

Horizontal 

1*40 

Manchester   . . 

'  Double  Magnet, 
2-pole 

Long  Ring 

Bed  and  one  pole 
cast  tc^ether 

1*49 

Victoria 

Double  Magnet, 
4-pole 

Short  Ring 

Ordinary  pattern 

1*40 

Ferranti 

Double  Magnet, 
multipolar 

Coreless 
Disk 

Ordinary  pattern 
(alternating) 

2*00 

The  nature  of  leakage  may  be  better  comprehended  by 
remembering  that  air  is  really  a  magnetic  conductor,  though 
less  permeable  than  iron.  The  stray  field  around  a  dynamo 
may  be  explored  by  moving  a  compass-needle  about  in  it ; 
and  the  intensity  at  various  points  may  be  estimated  by  an 
exploring-coil  connected  to  a  suitable  galvanometer.  Fig.  106 
depicts  the  general  direction  of  the  magnetic  lines  that  leak 
from  an  Edison-Hopkinson  dynamo.  It  will  be  noted  that 
leakage  takes  place  in  other  ways  than  from  pole  to  pole. 
There  will  be  a  tendency  to  leak  between  any  two  points  of 
the  magnetic  system  between  which  there  is  a  difference  of 
magnetic  potential.  Thus,  there  is  a  tendency  for  mag- 
netic lines  to  leak  from  the  pole-pieces  to  the  yoke  at  the 
top.  The  cast-iron  bed-plate  being  in  proximity  to  the  two 
poles  (where  the  difference  of  magnetic  potential  is  greatest) 

*  journal  lust  Electrical  Engineers^  xix.  122,  1890. 
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promotes  leakage  through  itself,  even  though  the  machine  is 
mounted  on  a  zinc  footstep. 

Many  machines  have  been  examined  as  to  their  magnetic 
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leakage  by  Carl  Hering,*  who  also  has  given  drawings  of  them. 
An  extraordinary  case  was  found  to  be  afforded  by  the  stray 
Beld  of  the  Thomson-Houston  arc  lighting  dynamo  (Fig.  307, 
p.  465).  The  reader  should  also  refer  to  some  experiments  by 
Carhart »  and  to  some  by  Trotter.' 

It  is  evident  that  the  leakage  coefficient  cannot  be  constant 
in  a  given  machine,  for  the  amount  of  leakage  depends  on  the 
relative  permeance  of  the  path  through  the  armature  core  and 
of  the  stray  paths  outside.  Now  the  permeability  of  air  is  a 
constant,  whilst  that  of  the  iron  cores  decreases  as  the  degree 
of  saturation  is  raised ;  so  that  the  leakage  increases  with 
higher  excitation.     Also  when  a  lai^e  current  is  drawn  from 

'  Electrical  Revieui,  Tin.  186  and  205,  1887. 

'  EleclrKalReviea, -/.ty.  2^  i  and  Zf/dr/rurtun,  xxiii.  644, 1889^ 

'  Journal  Init.  Electrical  Ens'tttri,  xix.  241,  189a 
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the  armature,  the  demagnetizing  reaction  of  the  armature 
current  directly  promotes  leak^e,  as  it  r^ses  an  opposing 
magnetomotive-force  in  the  direct  path  of  the  magnetic  lines. 
Moreover,  since  leakage  is  not  confined  to  actual  polar  ends, 
but  takes  place  more  or  less  all  over  a  magnet,  it  is  clear  that 
what  we  call  the  coefficient  of  leakage  is  only  a  sort  of  averse 
qnantity. 

By  experiment  we  may  determine  the  actual  value  of  the 
leakage  ratio  in  various  parts.   Drs.  J.  and  E.  Hopkinson  did  this 
for  a  "Manchester"  dynamo,^  using  exploring  coils  placed 
around  the    field-magnet    of 
the  dynamo  in  various  posi-  J^o.  io7« 

tions.  The  number  of  mag- 
netic lines  which  were  thus 
enclosed  was  ascertained  by  i 
suddenly  cutting  off  the  ex- 
citing current  and  noticing 
the  resulting  induction  cur- 
rent in  a  suitable  galvano- 
meter. A  still  more  com- 
plete examination  was  made 
by  Lahmeyer*  on  an  iron- 
clad dynamo  (Fig.  107).     In 

this  case  six  separate  ex-  Exploring  the  Magnetic  Leakaqe 
ploriog  coils,  each  having  the  °'  *  ^''"''••o* 

same  number  of  turns,  were 

used.  That  surrounding  the  armature,  enclosing  the  useful 
field,  is  called  A,  the  others  being  numbered.  The  deflexions 
obtained  are  given  in  column  2  of  the  following  table.  The 
maximum  flux  was  found  at  3.  Taking  this  number  as  100, 
the  percentages  of  leakage  at  the  coils  are  given  in  column  3. 
In  column  4  are  given  the  various  fluxes,  taking  that 
through  A  as  100,  and  in  column  5  the  values  of  v  at 
the  various  parts.  It  is  clear  that  the  yoke  parts  were  of 
insufficient  thickness. 

'  See  thdi  paper  in  Phil.  Trans.,  Part  i.  p.  331,  1SS6  ;  and  EUctrkian,  xviii 
PP-  39,  63,  86,  and  175,  Nov.  and  Dec.  1SS6. 
'  EUttnltchrtucht  Zatsehrift,  ix,i83,  1887. 
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A 

780 

10*9 

100 

I 

I. 

788-5 

IO*I 

lOI 

I '01 

II. 

861 

1 

1-6  :   no 

i 

I' 10 

III. 

876 

0 

112 

1*12 

IV. 

850 

3*0 

•  109 

1*09 

V. 

749 

H'5 

96 

0-96 

In  the  case  of  the  Edison-Hopkinson  dynamo,  the  Hop- 
kinsons  give  i  •  32  for  v^  this  being  the  ratio  observed  between 
the  throw  when  the  exploring  coil  was  placed  half  way  up  the 
magnet  limbs  and  when  it  was  placed  around  the  armature. 
There  is  no  doubt  that  the  number  is  too  small.  If  the 
exploring  coil  had  been  placed  higher  up,  and  if  the  armature 
had  been  excited  so  as  to  exert  a  demagnetizing  action,  the 
leakage  coefficient  would  have  been  found  to  be  at  least  i  "4. 


Calculation  of  Leakages. 

It  is  possible  to  predetermine,  from  the  working-drawings 
of  a  dynamo  before  it  is  built,  the  probable  amount  of  leakage. 
Calculations  of  the  leakage  are  based  upon  the  principle  that 
where  a  circuit  offers  alternative  paths,  the  magnetic  flux  will 
divide  itself  between  the  paths  in  the  proportion  of  their 
relative  facility  for  flow,  exactly  as  an  electric  current  divides 
where  there  are  alternative  conducting  paths.  In  fact,  the  law 
of  shunts  has  been  found  to  hold  good  for  magnetic  lines. 
The  reader  should  consult  the  researches  of  Ayrton  and 
Perry  ^  on  this  point.  It  follows  that  along  any  branched 
path  the  joint  permeance^  (or  magnetic  conductance)  will  be 
the  sum  of  the  permeances  of  the  separate  paths.     Hence,  if 

*  Joumal  Sdc,  Teleg,  Engineers  and  Electricians^  p.  530,  1886. 

*  Permeance  is  of  course  the  reciprocal  of  magnetic  reluctance  ;  just  as  in 
electricity  conductance  is  the  reciprocal  of  electric  resistance. 
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the  permeances  of  the  separate  paths  of  the  useful  and  waste 
magnetic  fluxes  of  a  dynamo  are  known,  the  coefficient  of 
allowance  for  leakage,  v^  can  be  calculated,  it  being  the  ratio 
of  the  total  flux  to  the  useful  flux.  Call  the  useful  flux  u  and 
the  waste  flux  w ;  then 

V  =  — • — 
u 

But  each  of  these  is  a  complex  quantity ;  therefore  the 
more  complete  formula  is 

»i  +  «a  +  «3  +     •     •     •    • 

In  order  to  determine  the  separate  permeances  along  the 
various  leakage  paths,  we  must  resort  to  some  useful  rules  or 
lemmas  originally  suggested  by  Professor  Forbes,*  which 
consist  in  certain  approximate  integrations.  For  the  con- 
venience of  British  engineers  the  values  have  been  recal- 
culated into  inch  measures  instead  of  centimetre  measures,  and 
other  rules  have  been  added. 

Rule  I. — Permeance  between  two  parallel  areas  facing  one 
another.  Assume  (Fig.  108)  that  the  magnetic  lines  are 
straight  and  equally  distributed  over  the  surfaces  :  then, 

Permeance  =  3 '1918  x  mean  area  (square  inches) -r- distance 

(inches)  between  them 

=  1-596  X  (A/ +  A,") -H^/." 


Fig.  108. 


Fig.  109. 


'30  --] 


-  ^' "  - ' 


I    /  /  /  z^'- 


*l  *^     '*    / — -^   V  \ 


Rule  IL — Permeance  between  two  equal  adjacent  rectangular 
areas  lying  in  one  plane.    Assuming  (Fig.  109)  lines  of  leakage 

'  Journal  Soc.  Teleg.  Engineers^  xv.  551,  1886. 
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to  be  semicircles,  and  that  distances  d^  and  ^a"  between 
their  nearest  and  furthest  edges  respectively  are  given  ;  also 
d'  their  width  along  the  parallel  edge : — 


Permeance  =  2  •  274  x  d'  x  log 


d^ 


10 


di' 


-/V\' 


-i-^-^ a^--^yf^^^ 


pjg  jjQ^  Rule.  III. — Permeance  between 

two  equal  parallel  rectangular  areas 

lying  in  one  plane  at  some  distance 
apart.      Assume    (Fig.   iio)   lines 
of  leakage  to  be  quadrants  joined 
'^ "'..,'.  yi^.y.l:. >: ^     by  straight  lines. 

Permeance  =  2  •  274  x  d  X  logw  1 1  +  ^    ^^Ti   ^^  \ 

Rule  IV. — Permeance  between  two  equal  areas  at  right- 
angles  to  one  another. 

Permeance  =  double  the  respective  values  calculated 
by  II. 

If  measures  are  given  in  centimetres  these  rules  become 
the  following : — 

I.  i(Ax  + A3)-rrf. 

II.  -  hyp.  log  ^ 
nr  dx 


III.  I  hyp.  log  ^,  +  zLi^-AA 


Using  these  rules  Mr.  Ravenshaw  has  developed  them  for 
the  calculation  of  dynamos  for  Messrs.  W.  T.  Goolden  &  Co. 
Applying  them  to  predetermine  the  leakage  to  fly-wheels, 
pedestals,  and  shafts,  he  is  thus  able  to  predict  the  performance 
of  a  machine,  from  the  working  drawings,  to  within  2  per 
cent. 
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Example  of  Leakage  Calculations. 

It  is  required  to  predetermine  the  coefficient  of  leakage  of 
the  Edtson-Hopkinson  dynamo  described  on  p.  521  (Fig.  353). 
the  dimensions  of  which  are 
given  on  p.  413.    This  is  the  '^'°'  *"' 

same  machine  the  stray  field 
of  which  is  depicted  in  Fig. 
106,  p.  184. 

We  must  first  determine 
the  items  which  go  to  make 
up  the  useful  permeance  «, 
then  those  which  make  up  the 

waste  permeance  w ;  having  found  these  calculate  v.  But 
since  the  penneance  of  the  useful  flux  depends  on  the  per- 
meability of  the  iron  core  of  the  armature,  it  will  be  needful 
to  calculate  the  value  of  »  at  several  different  st^es  of 
saturation. 

Now  the  items  of  u  are  five  in  number,  and   must  be 
evaluated  separately. 

vi  Permea$ue  of  one  Gap-space  (by  Rule  I.). 
«i  =  3'  1918  i  (radius  of  core  +  radius  of  pole-piece)  x  a  »■  X 

uizle  of  pole  face 

-^ X  leI^th  of  pole-piece  panUlel  to  shaft  -j-  distance 

from  core  to  polar  face, 

=  3-1918  X(4'8i2  +S-406)  X3T4i6x^  X  i9H-^; 

whence 


Si  Permeance  into  armature  behw  poles  {^'ig.  112). 
Assume  under  surface  is  plane  and  apply  Rule  II. 
th=  j-a74  X  19  X  log-; 
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fig  Permeance  into  armature  above,  from  limb  (^ig  113I. 
Fig.  112.  Fig.  113.  Fig.  114.  Fig,  115. 


1^      M 


This  is  taken  as  twice  u^,  since  path  of  lines  is  half  as  long. 
«,=  58. 

«4  Permeance  from  flank  of  pole-piece  to  flank  of  armature 
core{V\g.llA). 

Apply  Rule  II.  on  assumption  that  these  two  areas  (Fig.  1 14)  act 
like  two  rectangles  9  inches  long,  3  *  3  inches  wide,  and  \  inch  apart 
<Fig-  "5). 

«,  =  a-274  X  9  X  log  ~- 
=  3*174  X  9  X  i'2o6 


«(  Permeance  of  iron  of  armature  through  core. 

Assume  average  length  of  path  from  side  to  side  to  be  5^  inches. 
It  is  needful  to  make  three  calculations,  assuming  three  separate 
degrees  of  saturatiOD  of  the  core.  Formula  will  be  the  reciprocal 
of  that  for  the  reluctance  on  p,  410. 

[a]  Core  unsaturated ;  assume  /i  =  3000. 

»,  =  3-i9i8x^; 

=  3-1918  X  125  X  3000^  5"  "5 ; 
»B  =  233,550  (when  unsaturated). 

\p\  Core  saturated  up  to  N  =  10,850,000 ;  or  B„  =  87000 ;  whence 
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by  Table  IL,  p.  146,  ^  =  900.  This  corresponds  to  degree  of  excita- 
tion when  machine  is  at  full  load  (see  p.  182). 

»8  =  3'i9i8  X  125  X  900-r- 5*125;       4^ 
u^  =  70065  (at  full  load). 

\c\  Core  saturated,  as  in  more  recent  machines  to  B„  =  110,000 ; 
whence  by  Table  II.,  p.  146,  /i  =  i6o, 

»»=  3'i9^8  X  125  X  160-7-5-125; 
^5  =  1 2456  (at  high  saturation). 


u  Nett  Useful  Permeance. 

Referring  back  to  Fig.  in,  we  now  see  that  the  2^1,  u^  u^,  and  u^ 
are  all  in  parallel  with  one  another,  and  may  be  added  ;  but  that  u^  is 
in  series  with  their  sum,  on  each  side ;  hence  the  nett  permeance 
will  be: — 

u  =  reciprocal  of  j  ~  +-«^+  ^^  + ^^  +- 
and  i^  +  «t  +  «»+«4=  1287. 

Now  take  successively  the  three  values  found  for  u^  and  calculate 
u.     This  gives : — 

[a]  (core  unsaturated)  u  =  642*2 

>1  (core  at  full  load)  «  =  638  •  i 

c]  (core  saturated  highly)    u  -  612*4 

Next  calculate  the  waste  field. 

Wi  Permeance  to  bed-plate  (Fig.  106,  p.  184). 

This  will  be  half  the  permeance  under  one  pole-piece ;  and  must 
be  calculated  by  Rule  L,  assuming  area  of  top  of  bed-plate. 

»i  =  i  X  3 '  1918  X  i  (area  .under  pole  +  area  of  J  top  of  bed- 
plate -r-  width  of  the  gap  between  them.  ^ 

=  iX  3'i9i8X  i  (171  + 495) -T- 5 
Wi  =  106.  ,,.  -'-  ..  -..^ 

'/  •     '•  *-  i   '   \ 

' '  '   »*        —  t        ■        '\ 

•  "J  ;*-  *  •      •  ;-i  i/-    ■   '^    -^ 

"\..-r,    ■'"■  '"'.  '■'■"  ' 
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Wj  Permeance  across  limbs  (V'\g.  ii6). 

This  consists  of  two  parts,  one  external,  one  interna],  they  are 
calculated  separately  and  added.    Internal  fart :  Calculate  by  Rule  I. , 


but  adding  a  breadth  equal  to  radius  of  smallest  arc,  owing  to  spread 
of  magnetic  lines. 

=  3-1918  X4<i74+>3H)X  18H-6A 


External  part:  Calculate  one  of  the  flanks  by  Rule  11^  and  double 
=  3-174  X  18  X  log(33-8-H6-a2)  x  a 


whence,  adding  the  internal  and  external  parts, 
w.  =>35- 
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If  J  Permeance  across  fianks  of  pole-pieces. 
■  Treat  these  (as  in  Fig,  117)  as  blocks  9  inches  hij^  by  10  wide  at 
a  distance  of  10*5  apart     Apply  Rule  II.,  and  double. 

Fig.  117. 


If,  =  2-374  X  9  X  log  (30'5-i-io'5)  X  2 
w,  =  19. 

W4  Permeance  from  pole-pieces  up  to  yoke  {¥\%.  118). 
Each  pole-piece  has  three  feces :  imagine  these 
spread  out,  to  total  breadth  of  10  +  9  +  10  inches.        FiG'  iiS. 
Apply  Rule  III.,  and  then  take  half  because  the 
two  leakages  are  id  series. 

K-.  =  2-274  X  =9  X  log  (1  +  '^)-^» 

=  14.  ■/ 

w  Nett  permeance  of  stray  field.  \ 

Note  that  the  leakages  along  the  paths  whose     w 
pdmcances  are  w-i,  iv,,  w„  will  be  proportional  to 
the  difference  of  magnetic  potential  at  the  pole- 
pieces;    but  leakage  along  Wt   (between   limbs),     j 
will  be  proportionately  only  half  as   great  owing      • 
to  fact  that  at  upper  end  leakage  is   practically     • 
zero.     Hence  in  adding  up,  take  J  w,  instead 
of  tc,  itself 

W  =  IVj  +  )[  Wt-{-  if,  +  w, 

jff=  256-5. 

V  Final  calailatiou  of  leakage  coefficient. 
There  are  again  three  cases  corresponding  to  the  three  values  of 
»,  to  be  calculated  by  the  formula : — 
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[i.]  When  iron  is  quite  unsaturated. 

v^  (64I-.7  +  256-5)-=- 641-7 
'^  =  i*399- 

[ii.]  Core  working  to  full  load. 

V   =   (637-6  +  256-5)  -T-  637-6 

V  —  1-402. 

[iii.]  Core  highly  saturated. 

V  =  (611-9  +  256-5)-r  611-9 

V  -  1*419. 

These  results  justify  the  opinion  that  the  number  assumed 
by  the  Hopkinsons  (i  "32)  for  this  machine  was  too  small. 

It  may  be  noted  in  conclusion  that  the  nett  permeance 
of  the  waste  field  will,  in  a  given  type  of  machine,  increase 
with  both  the  length  and  diameter  of  the  armature,  being 
approximately  proportional  to  the  square  root  of  the  product 
of  these  two  quantities.  If  two  machines,  built  with  the  same 
size  of  core-disk,  have  armatures  of  different  lengths,  the 
machine  with  longer  armature  will  have  greater  leakage 
permeance. 


(     195     ) 


CHAPTER  VIII. 

FORMS  OF  FIELD-MAGNETS. 

In   Chapter   III.,  on  the  elements  of  dynamos,  something 

was  said   about    the  general    principles    which   should    be 

followed  in  the  design  of  field-magnets.     With  th^  principle 

of  the  magnetic  circuit  to  guide  him,  the  reader  will  have 

little  difficulty  in  judging  of  the  relative  value  of  the  various 

designs ;  for  he  will  remember  that  the  magnetic  circuit  of 

highest    permeability   will    have  the    most    compact    form, 

greatest  cross-section,  softest  iron,  and  fewest  joints.      It  has, 

moreover,  been  pointed  out  by  Rowland  that  theoretically  it 

is  better  that  there  should  be  one  such  magnetic  circuit  than 

that  there  should  be  two,  though   for  practical  structural 

reasons  the  author  thinks  the  double  circuit  preferable  in 

many  cases.    The  double  circuit,  that  is  to  say  one  resembling 

No.  3  or  No.  8  of  the  accompanying  Fig.  119,  has  in  general  the 

advantages  that  it  affords  a  more  stable  framework,  and  that 

its  magnetic  field  is  generally  more  symmetrical  than  that  of 

No.  2.    These  points  should  be  borne  in  mind  in  considering 

the  forms  depicted  in  the  accompanying  figures.     No.  i,  of 

these  illustrations  shows  the  form  adopted  by  Wilde  for  use 

with  the  shuttle-wound  armature  of  Siemens.      Two  slabs  of 

iron  are  connected  at  the  top  by  a  yoke,  and  are  bolted  below 

to  two  massive   pole-pieces.     There  are   four  joints  in  the 

magnetic-circuit,  in  addition  to  the  armature-gaps,  and  the 

yoke  is  insufficient.     No.  2  shows  the  form  adopted  in  the 

latest   Edison   dynamos   (American   pattern).     The  upright 

cores  are  stout  cylinders.    The  yoke  is  of  immense  thickness ; 

the  pole-pieces  are  massive,  but  their  lower  comers  are  cut 

away.     There  are  as  many  joints  as  in  Wilde's  form ;  but 

such   a  circuit  would   possess  a   far  higher   magnetic  con- 

O  2 
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ductivity  than   Wilde's  owing  to  the  greater   cross-section. 
One  difficulty  with  such  single  circuit  forms  is  how  to  mount 


them  upon  a  suitable  bed-plate.      If  mounted  on  a  bed-plate 
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of  iron,  a  considerable  fraction  of  the  magnetism  will  be  short- 
circuited  away  from  the  armature,  as  has  been  shown  in  the 
preceding  chapter.  In  the  larger  form,  No.  lo,  used  at 
one  time  by  Edison,  this  difficulty  was  only  partially  obviated 
by  turning  the  magnets  on  one  side. 

A  favourite  type  of  field-magnet,  having  a  double  magnetic 
circuit  with  consequent  poles,  is  represented  in  No.  3  ;  it  was 
introduced  by  Gramme.  It  may  be  looked  upon  as  the 
combination  of  two  such  forms  as  No.  i,  with  common  pole- 
pieces.  Nos.  3  to  9  may  be  looked  upon  as  niodifications  of 
a  single  fundamental  idea.  No.  4  gives  the  form  used  in  the 
Brush  dynamo  (plan),  the  two  magnetic  circuits  being  sepa- 
rated by  the  ring  armature.  The  diagram  will  serve  equally 
for  many  forms  of  flat-ring  machine  ;  but  in  most  of  these  the 
poles  at  the  two  flanks  of  the  ring  are  joined  by  a  common 
hollow  pole-piece,  embracing  a  portion  of  the  periphery  of  the 
ring.  No.  5  shows  an  early  form  of  Siemens,  with  arched  ribs 
of  wrought  iron,  having  consequent  poles  at  the  arch.  The 
circuit  is  here  of  insufficient  cross -section.  No.  6  depicts  a 
forai  adopted  by  Weston  :  and  very  similar  forms  have  been 
used  by  Crompton,  and  by  Paterson  and  Cooper.  There  is  a 
better  cross-section  here.  No.  7  is  a  form  used  by  Burgin 
and  Crompton,  and  differs  but  slightly  from  the  last.  It  has 
one  advantage — ^that  the  number  of  joints  in  the  circuit  is 
reduced  No.  8  is  a  form  used  by  Crompton,  Kapp,  and  by 
Paterson  and  Cooper.  No.  9  is  the  form  adopted  in  the  little 
Griscom  motor.  No.  18  is  a  further  modification  due  to  Kapp. 
No.  19,  which  also  has  consequent  poles,  is  used  by  McTighe, 
by  Joel,  and  by  Hopkinson  ("  Manchester  "  dynamo),  by  Clark, 
Muirhead  &  Co.  ("  Westminster  "  dynamo),  by  C.  E.  Brown 
(Oerlikon),  by  Blakey,  Emmett  &  Co.,  and  in  some  of 
Sprague's  motors ;  but  with  slight  differences  in  proportions 
of  the  details.  The  main  difference  between  No.  19  and 
No.  6,  lies  in  the  position  selected  for  placing  the  coils, 
No.  19  requiring  two,  No.  6  four.  No.  20,  which  is  a  design 
of  Elwell  and  Parker,  is  a  further  modification  of  No.  3,  and 
would  be  improved  by  having  a  greater  cross-section.  In 
No.  3  (Gramme),  it  is  usual  to  cast  the  pole-pieces  and  end- 
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plates,  but  to  use  wrought  iron  for  the  longitudinal  cores. 
The  requisite  polar  surface  must  be  got  by  some  means,  and 
when  the  core  was  made  thin,  the  two  courses  open  were 
either  to  fasten  upon  the  core  a  massive  pole-piece  (Nos.  i, 
3,  4,  6,  7,  19,  20),  or  else  to  arch  the  core  No.  5  so  that  its 
lateral  surface  was  available  as  a  pole.  Now,  however,  that 
it  is  known  that  massive  cores  are  of  advantage,  the  requisite 
polar  surface  can  be  obtained  without  adding  any  polar 
expansion  or  "  piece,"  but  by  merely  shaping  the  core  to 
the  requisite  form  (No.  8).  This  must  not  be  regarded  as 
a  thinning  of  the  magnet ;  for  though  mere  reduction  of 
cross-section  at  any  part  of  the  circuit  would  reduce  the 
magnetic  conductivity,  reduction  of  the  thickness  for  the 
purpose  of  bringing  the  armature  more  closely  into  the 
circuit  will  have  quite  the  opposite  effect.  In  fact  the 
horizontal  bars  above  and  below  the  armature  might  be 
thinned  away  to  nothing  at  their  middle  point,  but  for 
structural  reasons.  In  all  such  forms  of  double  magnetic 
circuit  each  half  of  the  field-magnet  may  be  regarded  as 
having  to  furnish  magnetic  lines  to  its  own  half  of  the 
armature.  Nos.  11  to  15  illustrate  forms  of  field-magnet 
having  salient^  as  distinguished  from  conseqtient  poles.  No. 
II  is  the  double  Gramme  machine  designed  by  Deprez. 
Nos.  12  and  13  are  two  of  the  innumerable  patterns  due  to 
Gramme  himself  These  are  both  of  cast  iron  ;  and  it  will 
be  noticed  that  in  No.  1 3  there  are  no  joints,  it  being  cast  in 
one  piece.  No.  14  is  the  form  used  by  Hochhausen,  and  is 
practically  indentical  with  21,  save  in  the  position  of  the  axis 
of  rotation.  The  iron  flanks  of  number  14  tend  to  produce 
a  certain  short-circuiting  of  the  magnetism  by  their  proximity 
to  the  poles ;  and  their  sectional  area  is  insufficient.  No.  15, 
used  by  Van  de  Poele,  is  similar.  No.  16  is  the  form  used  by 
the  author  in  small  motors,  and  is  cast  in  one  piece.  The 
semicircular  form  adopted  for  the  core  was  intended  to 
reduce  the  magnet  circuit  to  a  minimum  length.  No.  17 
illustrates  the  form  used  by  Jiirgensen,  having  salient  poles 
reinforced  by  other  electromagnets  within  the  armature 
No.  21  shows  in  section  the  double  tubular  magnets  of  the 
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Thomson-Houston  dynamo,  the    spherical  annature   being 
placed,  as  tn  Nos.  12,  14,  and  15,  between  two  salient  poles. 


There  is  a  curious  analogy  between  Nos.  21  and  19  ;  but 
they  entirely  differ  in  the  position  of  the  coils.    No.  22  is  a 
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design  by  Kapp,  in  whjch  there  are  two  salient  poles  of 
similar  polarity,  and  two  consequent  poles  between  them, 
one  pair  of  coils  sufficing  to  magnetize  the  whole  quadruple 
circuit.  Almost  identical  forms  have  been  employed  by 
Kennedy  ("  iron-clad  "  dynamo).  Lahmeyer  and  Wenstrom 
employ  iron-clad  forms  resembling  No.  1 5.  That  of  Wenstrom 
has  for  its  yoke  an  external  iron  cylinder.  No.  23,  Fig.  rao, 
is  a  type  which,  used  long  ago  by  Sawyer  and  by  Lontin, 
has  recently  become  a  favourite  one,  having  been  revived 

Fig,  131.  Fig,  123, 


Mm 
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almost  simultaneously  by  Gramme  ("type  sup6rieur"),  by 
Kapp,  by  Siemens  ("  F  "  type),  by  Cabella  ("  Technomasio  "), 
and  by  Paterson  and  Cooper.  No.  24  is  Brown's  veiy  massive 
form.  No.  25  is  Kennedy's  "iron-clad"  dynamo:  the  iron 
cores  are  forged  to  shape.  No.  26  is  designed  by  Professor 
George  Forbes.     The  ironwork  is  in  two  halves  ;  the  coils. 
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which  are  entirely  enclosed,  are  so  placed  as  to  magnetize 
the  armature  directly,  one  coil  occupying  all  the  available 
space  between  the  field-magnet  and  the  upper  half  of  the 
armature ;  the  other  the  similar  space  around  the  lower  half. 
Eickemeyer,  of  Yonkers,  uses  a  closely  kindred  form.  No.  27 
is  the  four-pole  form  adopted  by  Elwell  and  Parker  in  some 
of  their  larger  machines.  No.  28  is  a  multipolar  form  used  by 
Wilde,  Gramme,  and  others,  the  poles  which  surround  the 
ring  being  alternately  of  opposite  sign.  It  is  now  largely 
used  for  alternate-current  machines  such  as  those  of  Westing- 
house  (Stanley),  Mather  and  Piatt  (Hopkinson),  Paterson  and 
Cooper  (Esson),  Elihu  Thomson,  Blakey  and  Emmott,  and 
others.  In  No.  29,  a  modification  of  this  design  by  Thury, 
for  use  with  a  drum  armature,  the  six  inwardly-directed  poles 
are  magnetized  by  coils  wound  upon  the  external  hexagonal 
frame.    This  construction  is  shown  in  detail  in  Fig.  125.     The 

Fig.  125. 


Detail  of  Thury's  Field-magnet. 


cores  which  receive  the  windings  are  slabs  of  wrought  iron, 
and  are  bolted  to  intermediate  pole-pieces  of  cast  iron. 
No.  30  is  a  sketch  of  a  recent  form  adopted  by  Siemens 
and  Halske,  wherein  an  external  ring  rotates  outside 
a  very  compact  and  substantial  four-pole  electromagnet. 
Similar  machines  have  been  designed  by  Ganz,  Fein,  and 
others,  and  are  largely  used  in  Germany  for  large  central- 
station  machines. 

Another  recent  form  of  field-magnet  is  shown  in  No.  31. 
This,  which  is  a  single  horse-shoe  with  but  one  coil  upon  it, 
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was  a  design  by  the  author  of  this  work  early  in  1886 :  and  a 
similar  form  was  independently  designed  by  Goolden  and 
Trotter  about  the  same  time.  One-coil  machines  have  also 
been  recently  designed  by  Schorch,  of  Darmstadt,  and  by 
R.  Kennedy,  of  Glasgow,  by  Immisch,  and  by  J.  G.  Statter 
and  Co.  No.  32  represents  also  a  machine  requiring  but  one 
coil,  and  is  of  the  iron-clad  type.  It  was  devised  by  McT^he 
in  1882,  and  has  been  recently  revived  by  Stafford  and  Eaves. 
A  recent  pattern  designed  by  Mordey  for  the  Brush  Company 
resembles  No.  32,  but  has  an  external  iron  cylinder  to  enclose 
the  coil.  No.  33  represents  the  latest  machine  of  Fein,  of 
Stuttgardt,  with  inward-pointing  poles. 

In  Fig.   126  is  represented   Lahmeyer's  form,  also  with 
inward-pointing  poles.    (See  also  Fig.  107,  p-  185.) 

Pic.  126.  Fic.  127. 


Lahmever's  Dynamo. 

Eickemeyer's  dynamo  (Fig.  127)  realizes  the  suggestion 
of  Forbes  to  place  the  magnetizing  coils  over  the  armature. 
The  coils,  which  are  separately  wound  on  formers,  fit  into 
recesses  between  the  upper  and  lower  yokes  and  the  inwardly 
projecting  polar  masses.     Fig.  128  gives  a  view  showing  the 
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interior  disposition  when  one  of  the  polar  masses  is  removed. 
The  defect  of  such  forms  is  the  difficulty  of  ventilating  the 
closely  enclosed  armature. 

Fig.  128, 


Eickuuver's  Dvnamo,  with  Magnetizing  Coils  SuEttoUNDrNc  Armature. 


A   typical  form  for  alternate-current  machines  is  that 
introduced  by  Wilde  and  used  by  Siemens,  Gordon  and 
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Ferranti,  having  two  crowns  of  alternate  poles  facing  one 
another. 
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Fig.  130. 


Fig.  1 30  represents  a  form  of  four-pole  field-magnet  used  by 
the  Brush  Company  for  their  Victoria  (Mordey)  machines, 

having  double  magnetic  circuits  and 
consequent  poles.  The  cores  to 
receive  the  coils  are  of  wrought  iron, 
whilst  the  end  frames  and  pole- 
pieces  are  cast.  This  should  be 
contrasted  with  the  form  of  four- 
pole  magnet  used  by  Brown,  of 
Oerlikon,  in  some  large  300  horse- 
power machines  for  transmission  of 
power.  These  are  made  entirely 
of  cast  iron,  and  have  salient  poles. 
The  direction  of  the  flux  through 
these  machines  is  indicated  by 
dotted  lines. 


Four-pole  Magnet 
(Mordey). 


Fig.  131. 


Four-pole  Magnet  (Brown). 


The  most  notable  departure  in  the  forms  of  field-magnets 
in  recent  years  is  that  due  to  Mordey,  in  whose  alternator 
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there  is  a  field-magnet  (see  Plate  XXL  Fig.  i),  which,  though 
it  possesses  but  a  single  magnetic  circuit  with  one  exciting  coil 
upon  it,  is  nevertheless  multipolar.  This  result  is  attained  by 
the  use  of  multiple  pole-pieces  which  subdivide  the  magnetic 
flux  into  a  number  of  separate  magnetic  fields.  Another 
recent  example  of  a  multipolar  ma- 
chine (eight-pole)  having  a  single  Fig.  132. 
magnetic  circuit  is  afforded  by  the 
Edison  Company's  "  marine "  dy- 
namo,* with  a  ring  armature  acted  on 
by  four  internal  and.  four  external 
poles.  The  exciting  coil  lies  behind 
the  armature  between  the  two  sets  of 
poles.  The  field-magnet  of  the  three- 
phase    alternator  (Plate    XXVIIL), 

designed  by    Brown    for  the  trans- 

.    .  ^  f.  ▼       /y.        ,  Edison  Co.*s  Marine 

mission   of  power   from   Laufien    to  Dynamo. 

Frankfort,   is   also  of  this  improved 

kind,  with  a  single  exciting  coil. 

Among  such  a  multiplicity  of  designs  one  seeks  for  some 
indication  as  to  the  best.  But  the  best  for  one  purpose  is  not 
the  best  for  all.  Some  designs  are  suitable  for  cast. iron; 
others  for  wrought  iron  ;  others  again,  such  as  Figs.  121  and 
130,  are  expressly  intended  to  be  composite,  having  wrought 
cores  for  the  bobbins  and  cast  polar  masses.  For  small 
machines  a  simple  circuit  is  probably  the  best  For  large 
machines  it  is  found  needful  to  multiply  the  number  of  poles : 
and  for  alternators,  multipolar  forms  are  necessary  for 
obtaining  a  sufficiently  frequent  alternation  of  currents. 

Probably  the  future  will  see  a  general  simplification  of 
multipolar  forms  by  the  adoption  of  branched  magnetic 
circuits. 

In  calculating  those  forms  which  have  double  or  multiple 
magnetic  circuits  it  is  usual  to  simplify  matters  by  considering 
one  element  of  the  whole,  and  making  the  calculations  for  it. 
Thus,  for  example,  in  Fig.  I33,^which  depicts  the  half  of  such 

'  Electrical  Worlds  xiii.  20i,    1 889 ;   for  a  similar  design  by  Mariotti,  see 
EUcirician^  xxv.  139,  1S90. 
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a  machine  as  Na  8  of  Fig.  1 19,  it  is  sufficient  to  calculate  the 
magnetic  reluctances  of  half  the  machine  in  order  to  ascertain 
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Half  op  a  Double  Magnetic  Circuit  Machine. 

the  number  of  ampere-turns  that  must  be  wound  upon  it ; 
a  similar  number  being  wound  upon  the  other  half.  Forms 
with  ^  double-magnetic  circuit  are  preferable  to  those,  such 
as  Nos.  2,  23,  and  31,  with  a  single  magnetic  circuit,  in  all 
cases  where  there  is  likely  to  be  much  armature  reaction. 
For  in  such  forms  as  Na  23  the  field  is  weaker  under  the  two 
upper  pole-tips  than  between  the  two  lower  ends  of  the  pole- 
faces  :  in  consequence,  there  is  a  powerful  attraction  down- 
ward of  the  armature.  Further,  because  of  this  inequality  of 
field  the  cross-magnetizing  force  of  the  armature  will  produce, 
in  the  single-magnet  forms,  an  unsymmetrical  distortion.  As 
a  consequence  there  is  sure  to  be  sparking  at  the  brushes. 
For  large-load  armatures  it  is  advisable  not  only  to  use 
double-magnets,  but  to  separate  their  two  halves  by  a 
distance-piece  of  brass. 


(     ao7     ) 


CHAPTER  IX. 

ELEMENTARY  THEORY  OF  THE  DYNAMO.  MAGNETO,  AND 
SEPARATELY-EXCITED  MACHINES.  SERIES  MACHINES. 
SHUNT  MACHINES. 

Experience  has  shown  that  the  main  problems  that 
require  to  be  considered  in  the  design  of  dynamos,  are 
best  solved  by  reference  to  the  magnetic  circuit  of  tJie  machine 
as  a  wholCf  the  iron  core  inside  the  armature  being  regarded 
as  a  constituent  part  of  that  circuit,  and  not  as  something 
which  merely  increases  the  effective  area  of  the  armature 
coils.  In  all  that  follows  the  armature  is  regarded  merely 
as  consisting  of  a  certain  number  C  of  conductors,  grouped  in 
a  particular  way  around  an  axis  of  rotation,  their  function 
beii^  to  cut  across  a  certain  actual  number  of  magnetic  lines 
that  are  furnished  by  the  magnetic  circuit.  Also  the  symbol 
N  stands,  in  the  case  of  2-pole  machines,  for  the  whole  number 
of  lines  of  magnetic  force  that  traverse  the  armature,  entering 
it  on  one  side  and  again  leaving  it  on  the  other ;  it  is  called 
by  some  writers  the  "total  induction"  through  the  armature, 
by  others  the  "magnetic  flux."  For  multipolar  machines, 
N  refers  to  any  one  of  the  separate  magnetic  circuits. 

The  number  of  revolutions  per  second  made  by  the 
armature  is  denoted  by  the .  symbol ;/.  It  is  found  that  the 
average  electromotive-force  generated  by  the  armature  is 
simply  proportional  to  each  of  these  quantities,  so  that  by 
taking  the  appropriate  units  we  may  write,  as  will  presently 
be  seen,  as  the  fundamental  equation 

(average)  E  =  «  C  N [I.] 

In  the  earlier  editions  the  field-magnet  was  regarded  apart 
from  the  armature  or  its  core,  as   having  the   function  of 
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creating  a  magnetic  field ;  and  the  armature  was  regarded 
simply  as  a  complex  coil  having  a  certain  "effective  area," 
rotating  in  that  field  The  average  intensity  of  the  field  was 
denoted  by  the  symbol  H,  and  the  equivalent  effective  area 
by  A :  the  electromotive-force  of  the  dynamo  being  propor- 
tional to  the  product  of  the  two,  and  the  speed  n\  or  as  it  was 
written 

(average)  E  =  4  «  A  H. 

There  was  nothing  incorrect  in  this  way  of  regarding  the 
matter ;  but  neither  A  nor  H  were  quantities  that  could  be 
easily  determined  during  the  different  stages  of  action  of  the 
machine.  The  iron  core  of  the  armature,  in  the  present  mode 
of  treating  the  subject,  is  now  regarded  as  having  nothing  to 
do  with  C,  the  armature  factor,  but  as  playing  its  part  in  the 
magnetic  circuit  in  determining  how  many  magnetic  lines, 
namely  N,  shall  be  cut  by  the  armature  in  its  rotation.  In 
brief,  instead  of  trying  to  find  an  average  intensity^  we 
endeavour  to  think  of  the  magnetic  field  as  a  whole — ^we 
endeavour  to  think  of  the  quantity  of  it 

In  the  present  chapter  an  expression  is  first  found  for  the 
average  electromotive-force,  which  expression  serves  as  the 
fundamental  equation  of  all  dynamos.  Then  by  introducing 
appropriate  formulae  for  the  various  circuits,  equations  are 
deduced  for  the  various  kinds  of  series-wound,  shunt-wound, 
and  compound-wound  dynamos. 

Symbols  Used. 

It  may  be  well  to  point  out  that  in  this  and  the  succeeding  chapters 
the  following  symbols  are  used  in  the  following  significations : — 

A       area,  expressed  in  square  centimetres, 

B      the  magnetic  induction,  or  number  of  magnetic  lines  per  square 

centimetre. 
b       number  of  external  wires  in  a  section  of  the  armature. 
/3        angular  breadth  of  a  section  of  armature  coil  or  of  segment  of 

collector. 
C       number  of  conductors  on  the  armature,  counted  all  round  the 

external  periphery. 
c        number  of  segments  of  collector  or  commutator. 
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expressed 
in 
volts. 


£      entire  electromotive-force  generated  in  an  arma-' 

ture, 
f       difference  of  potential  from  brush  to  bruslh, 
e      difference  of  potential  from  terminal  to  terminal, 
6      electromotive-force  of  some  external  supply  of 

electricity, 
9       economic   coefficient,  or  efficiency  (see    pp.   234  and   Chap, 

XXVIII.). 
F      force  (L  e.  push  or  pull),  expressed  in  either  cfynes^  poundals^ 

gramme^  weight,  ox  founds  weight. 

H     intensity  of  magnetic  field  (lines  per  sq.  centim.  in  air). 

i       current  in  external  circuit,  \  , 

I    expressed 
U      current  m  armature,  I       '^ . 

i.      current  in  shunt  coil,  (  *" 

4  current  in  series  coil  of  field-magnet,  J  P      * 
L      coefficient  of  self-induction. 

X  average  length  of  one  turn  of  wire  ;  also  used  for  angle  of  lead. 

fi  coefficient  of  magnetic  permeability  of  iron. 

N  whole  number  of  magnetic    lines  that  traverse    a  magnetic 

circuit. 

n  number  of  re\'olutions  per  second, 

•»  angular  velocity  (expressed  in  ra<//affj-per-second), 

P  number  oi  pairs  of  poles. 

R  resistance  of  external  circuit, 

r«  resistance  of  armature  coils, 

r,  resistance  of  shunt  coils, 

r«  resistance  of  series  coil  on  field-magnets,  ) 

r  internal  resistance  of  dynamo ;  equal  to  ra  +  r, 

or  to  r«  +  -r.  according  to  circumstances, 

p  resistance  per  unit  of  length, 

5  number  of  turns  of  wire  in  field-magnet  coil  in  series  with 

armature.    Also,  in  general,  for  number  of  spirals. 
T      torque,  or  turning-moment,  or   angular   force,  or    couple,  or 

"effort  statique,"  or  "statisches  Moment,"  expressed   in 

dyne'Centimetres,  gramme'Centimetres^  metre^kilogrammes^ 

ox  pound-feet^  according  to  circumstances. 
T      is  also  used  in  the  section  on  alternate-current  dynamos  for  the 

periodic    time   of  the   alternating    current,  measured   in 

seconds, 
t       time,  measured  in  seconds, 
V       coefficient  of  allowance  for  magnetic  leakage. 

activity,  or  power,  or  work-per-second,  expressed  in  watts  or  in 

horsepower, 
number  of  turns  of  wire  in  shunt  field-magnet  coil. 

Wherever  inch  units  are  used  instead  of  centimetre  units,  the 
marks  already  used  on  p.  142  will  be  employed  for  distinction. 

P 


expressed 

in 

ohms. 


2 1  o  DynanKhEUctric  Machinery. 

Fundamental  Equation  of  Dynamo. 

To  find  the  average  electromotive-force  of  a  moving  con- 
ductor, we  must  remember  that,  by  definition,  see  page  20, 
this  is  (in  absolute  C.G.S.  units)  numerically  equal  to  the 
number  of  magnetic  lines  that  are  cut  in  one  second  by  the 
conductor.  Also  the  practical  unit,  the  volt  being  (see 
Appendix  A)  by  definition  equal  to  10^  absolute  C.G.S.  units 
of  electromotive-force  ;  it  will  be  necessary  to  divide  the 
number  of  C.G.S.  units  by  10®  in  order  to  reduce  the  number  to 
volts.  Further,  when  there  are,  as  in  the  armatures  of  dynamos, 
a  number  of  conductors  in  series  with  one  another,  the  total 
electromotive-force  of  the  dynamo  will  be  equal  to  the  sum  of 
the  electromotive-forces  of  those  conductors  that  are  in  series 
with  one  another.  The  fundamental  equation  will  then  be 
written : — 

(average)  E  (in  volts)  =  «CN-r-io® [la.] 

We  will  deal  first  with  an  ordinary  two-pole  d}mamo,  having 
an  armature  in  which  the  number  of  "  sections "  is  denomi- 
nated by  the  symbol  c  \  the  number  of  "  segments "  or 
"bars"  in  the  commutator  or  collector  will  also  be  c.  Let 
there  be  in  each  section  b  external  wires  or  conductors,  as 
counted  on  the  outside  of  the  armature  core.  (In  ring- 
armatures  there  will  be  the  same  number  of  external  wires  as 
there  are  loops  or  windings  in  the  section ;  in  drum  armatures 
there  are  twice  as  many  external  wires  as  there  are  loop§  or 
windings  in  the  section).  Then  the  number  of  external  con- 
ductors or  wires,  reckoned  all  round  the  armature  will  be  ^  ^  ; 
it  will  be  more  convenient  to  use  the  single  symbol  C  for  this 
number.  The  number  of  external  conductors  or  wires  that 
are  in  series  with  one  another  electrically  from  brush  to  brush 

be 
will  be  —  or  J  C.     Now  let  the  armature  rotate  with  a  speed 

of  n  revolutions  per  second.    (Engineers  usually  count  the 
revolutions  made  in  one  minute,  necessitating  division  by  60 

to  get  «.)    Then  one  revolution  will  take  -  part  of  i  second. 
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We  are  now  ready  to  calculate  the  electromolive-force. 

No,  of  lines  cut  by  i  external  wire  in  I  revo- 
lution        =2N; 

(because  each  wire  cuts  all  the  lines  where  they  go  in  at  one 
side  of  the  armature,  and  where  they  come  out  on  the  other). 

No.  of  lines  cut  by  i  external  wirein  i  second  =  2  »  N  ; 
No,  of  lines  cut  by^C  external  wires  in  series      \ 

in  1  second .'.      ..=2«xNJC; 

No.  of  lines  cut  by^C  external  wires  in  series 

in  I  second =  «  C  N, 

Average  electromotive-force  (in  C.G.S.  units)  =  «  C  N  ; 

Average  electromotive-force  (in  volts)  . ,     . .  =    —5— .  .  [I«.] 

It  will  be  unnecessary  in  every  case  to  write  the  divisor 
10^  in  the  formula,  because  it  is  easily  remembered  that,  if 
omitted  for  the  sake  of  brevity,  the  numbers  obtained  can  be 
transformed  at  once  to  volts  ^  by  so  dividing  down. 

For  many  purposes  it  is  more  convenient  to  have  the 
fundamental  equation  in  terms  of  the  angular  velocity.  Let 
the  symbol  co  represent  the  angular  velocity.    Then 

Q>  =  2irn  ; 
for,  in  each  revolution,  the  angle  described  is  2  w  radiants  or 
360  degrees.     Consequently  n  =  — ,   which  gfives ; 

2  IT 

(Average)  E=  —  CN [W.] 

2  TT 

It  will  be  observed  that  this  electromotive-force  is  simply 
an  average ;  and  it  depends  on  the  construction  of  the  arma- 

'  A]if9tlier  way  of  lightening  the  formala  would  be  to  adopt  as  the  unit 
quantity  of  magnetic  flux,  one  hundred  million  lines,  and  in  that  case  the  symboL 
N  would  be  used  for  the  number  of  bundles  of  lines  containing  a  hundred 
Billioii  each.  But  vexy  few  dynamos  have  been  constructed  in  which  the  magnetic: 
ilu  attained  so  great  a  quantity  as  one  such  bundle.  The  awkwardness  of  having. 
^  Talues  of  N  always  fractional  would  scarcely  be  compensated  for  in  the  gainj 
of  having  a  unit  which  fits  so  conveniently  to  the  other  practical  international 
uits.  No  difficulty  is  likely  to  arise  from  the  omission  of  the  divisor  in  the- 
fcnntilae. 

P  2 


^ 
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ture  how  much  fluctuation  there  is  in  the  value  during  a 
rotation. 

If,  as  in  Fig.  134,  the  armature  had  but  two  external  con* 
ductors  forming  a  simple  loop,  then  the  electromotive-force 
would  fluctuate  between  zero  and  a  maximum.  Calling  the 
lowest  point  of  the  rotating  loop  in  its  vertical  position  0°,  then 
the  position  on  the  left  of  the  dotted  line  will  be  90**,  if  we  reckon 
the  angle  of  rotation  in  the  clockwise  direction.  The  top 
point  will  be  180°,  and  the  point  on  the  extreme  right  270°. 
Then  the  induced  electromotive-force  will  be  zero  as  the 
coil  passes  through  o^  and  i8o^  for  at  the  positions  o^  and 
1 80^  the  conductors  will  be  sliding  along,  rather  than  cutting, 

Fig.  134. 


Ideal  Simple  Dynamo. 

the  magnetic  lines,  and  a  maximum  as  the  coil  passes  through 
90°  and  270°.  The  rate  of  enclosing  or  "  cutting  "  will  be  a 
tnaxitnum  when  the  actual  number  of  lines  enclosed  is  a 
minimum^  and  vice  versd.    (See  p.  32.) 

At  any  intermediate  angle,  if  the  field  is  uniform,  the  actual 
number  of  lines  of  force  enclosed  is  proportional  to  the  cosine 
of  the  angle  through  which  the  coil  has  turned  from  its  zero 
position,  and  the  electromotive-force  will  be  proportional  to 
the  sine  of  that  angle.  Strictly  speaking,  we  ought  to  take 
the  sine  with  a  negative  value  to  represent  the  electromotive- 
force,  because  as  usually  defined  the  induced  electromotive- 
force  is  proportional  to  the  rate  of  decrease  in  the  number  of 
lines  of  force  enclosed.  We  need  not,  however,  trouble  about 
signs,  because,  if  the  commutator  is  properly  set,  all  the 
induced  electromotive-forces  are  thereby  made  to  act  in  the 
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same  direction  through  the  external  circuit.  The  exact 
expression  at  any  particular  angle  dy  for  the  electromotive- 
force  of  the  loop  may  be  calculated  as  follows: — The  number 
of  lines  of  force  enclosed  when  the  loop  has  turned  through 
angle  0  is  =  N  cos  6 ;  hence  the  rate  of  cutting  will  be  a>  N 
sin  tf,  or  2  n-  »  N   sin  B.  *^Now,  since  the  average  value  of 

2 
sin  (?,' between  the  limits  5  =  0°   and   6  =  90°,   is  -,-  the 

average  electromotive-force  per  loop  may  be  obtained  by  sub- 
stituting this  value,  giving  us 

Average  E  per  loop  =  4  «  N.^ 

And  since  the  number  of  loops  th^t  are  in  series  between 
brush  and  brush  is  ^Q  we  have  finally 

(Average)  E  =  «  C  N. 

If  the  coil  consisted  of  many  turns  all  wound  in  one  group, 
like  the  Siemens  shuttle-wound  armature,  p.  33,  the  same 
expressions  would  obviously  hold  good  on  substituting  the 
proper  number  for  C. 

Fluctuations  of  Electromotive-force  in  a  One-coil  Armature, 

As  explained  above,  the  actual  induced  electromotive- 
force  is  proportional  to  the  sine  of  the  angle  through  which 
the  coil  has  turned,  or 

E  =  2  TT  «  N  sin  5  X  i  C, 
whence 

E  =  -«CNsin5 [II.] 

2 

As  tf  increases  fron  o**  to  360®,  the  value  of  the  sine  goes  from 
0  to  I,  then  from  i  to  o,  from  o  to  —  i  and  from  —  i  back  to  o. 
The  values  of  the  sine  are  depicted  in  Fig.  135.  The  same 
curve  may  serve  then  to  show  how  the  electromotive-force 
would  fluctuate  if  there  were  no  commutator.  But  the  action 
of  the  commutator  is  to  commute  the  negative  inductions 
into  positive  ones  ;  the  brushes  being  so  arranged  as  to  slide 
from  one  part  of  the  commutator  to  the  other  at  the  moment 
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when  the  inverse  induction  begins.  This  gives  the  curve  the 
form  of  Fig.  136,  which  therefore  represents  how  the  voltage 
pulsates  in  the  circuit  of  a  simple  old-fashioned  shuttle-wound 

Fig.  135. 


Siemens  armature.  Now  if  we  could  level  these  hills,  and 
change  our  undulating  induction  into  a  steady  one,  we  should 
get  a  single  straight  line,  shown  in  Fig.  136  as  a  dotted  line 
enclosing  below  it  a  rectangular  area  equal  to  the  sum  of  the 
areas  enclosed  by  the  sinuous  curves,  and  therefore  at  a 
height  which  is  the  average  of  the  heights  of  all  the  points 

Fig.  136. 


dO' 


tao' 
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360" 


along  the  curves :  in  fact,  since  each  sinuous  curve  is  part  of  a 
curve  of  sines,  the  average  height  will  be  — ,  or  about  iV  of  the 

IT 

maximum  height.  In  consequence  of  self-induction  in  the 
coils,  the  current  will  not  actually  fluctuate^  as  much  as  the 
voltage,  the  hollows  being  partly  filled. 

*  See  remarks  by  CromweU  F.  Varley  in  Phil.  Mag,^  1867,  and  by  Puluj  in 
SitMungsbtr.  JVun,  Akad,^  Il.a,  May,  1891. 
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Fluctuations  in  a  Closed<oil  Armature  divided  into  Sections. 

As  shown  in  the  argument  on  pp.  40  and  41,  it  ts,  for  reasons 
of  construction,  usual  to  wind  armature  coils  in  two  sets 
connected  in  parallel.  The  two  halves  of  the  Pacinotti  ring  or 
the  two  halves  of  the  windings  on  the  Siemens  drum  meet 
at  the  brushes  in  paralleL  If  each  of  the  two  cotls  consisted 
of  100  turns,  their  joint  effect  in  inducing  electromotive-force 
would  be  no  greater  than  that  of  either  of  them  separately, 
but  the  internal  resistance  of  the  armature  would  be  halved. 
From  this  point  onwards  io  the  ailment  it  will  be  assumed 
that  the  armature  windings  consist  of  pairs  of  coils.  Thus, 
instead  of  one  coil  of  200  turns,  as  shown  in  Fig.  137,  we  shall 


.  137- 


FiG.  138. 


V 


Fio.  139. 


take  it  that  there  is  a  pair  of  coils  each  of  100  turns,  as  in 
Fig.  138. 

Now  suppose  that,  in  order  to  get  a  less  fluctuating  effect, 
wc  divide  each  of  our  original  single  pair  of  coils  into  two 
part^  and  set  these  at  right  angles  to  one  another.  To  take 
a  numerical  case,  suppose  there  were  originally  100  turns  in 
each  coil,  and  we  split  each  into  two  coils  of  fifty  turns,  but 
set  them  across  one  another  so  that  one  comes  into  the  best 
poation  in  the  field  as  the  other  is  going  out  of  iL  (This 
arrangement  is  indicated  in  Fig.  1 39,  which  may  be  contrasted 
with  Rg.  1 38  representing  the  undivided  coil.)  In  this  case  we 
^1  have  two  sets  of  overlapping  curves — each  of  them  will 
have  to  be  but  half  as  high  as  before,  because  the  equivalent 
area  of  each  coil  is  only  half  what  it  was  for  the  whole  coil. 
Then,  if  there  were  no  commutator,  the  induced  electromotive- 
force  in  the  two  sets  of  coils  would  fluctuate  as  shown  by  the 


2l6 


DynamchElectric  Machinery. 


two  curves  of  Fig.  140.  But  if  the  ends  of  the  two  "  sections  " 
of  the  coil  are  joined  to  a  proper  commutator  or  collector, 
all  the  "  inverse  "  inductions  will  be  commuted  into  "  direct " 
ones  by  the  sliding  of  the  brushes  at  the  right  moment,  and 

Fig.  14a 


the  two  curves  would  then  become  as  in  Fig.  141.  The  next 
process  is  to  ascertain  what  the  joint  result  of  these  over- 
lapping electromotive-forces  will  be:  it  is  evident  that 
from  &  and  90°  the  two  inductive  actions  are  assisting  one 
another,  and  that  at  45°  they  are  equal.  The  itett  result 
here  is  therefore  double  either  of  them;  and,  in  fact,  the 


Fig.  141. 


36<7 


curve  representing  the  sum  of  the  two  curves  is  given  in 
Fig.  142.  This  curve  shows  at  once  a  step  towards  conti- 
nuity^ as  the  fluctuations  are  far  less  than  those  of  the  single 
coil,  Fig.  136.     If,  as  before,  we  level  the  undulating  tops  by 


Fig.  142. 
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« 
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a  dotted  line,  we  get  precisely  the  same  height  as  before. 
The  total  amount  of  induction  (the  total  number  of  lines  of 
force  cut)  is  the  same,  and  the  average  electromotive-force  is 
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the  same.  There  is  no  gain,  then,  in  the  total  electric  work 
resulting  from  rearranging  the  armature  coils  in  two  sets  at 
right  angles  to  each  other;  but  there  is  a  real  gain  in  the 
greater  continuity  and  smoothness  of  the  current 

If  we  again  split  our  coils  and  arrange  them  as  shown  in 
Fig.  143  at   angles  of  45°,  in   four  sets  of  p^^ 

pairs  of  coils  of  twenty-five  turns  each,  and 
connect  them  up  to  a  proper  commutator, 
we  shall  get  an  effect  which  is  very  easily 
represented  by  constructing  two  curves,  each 
similar  to  the  last  but  each  of  half  the 
height,  and  compounding  them  together 
(Fig.  144).  One  of  them  will  of  course  have  the  maxi- 
mum heights  of  crests  occurring  45°  further  along  than 
those  of  the  other  curve  ;  and  when  these  are  compounded  to- 

.^  Fig.  144. 
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gether  we  get  for  a  resultant  a  curve  shown  in  Fig.  145,  which 
has  exactly  the  same  average  height  as  before,  but  which  has 
still  less  of  fluctuation.  It  is  easily  conceived  that  this  process 
of  dividing  the  coil  into  sections,  and  spacing  these  sections 
out  at  equal  angles  symmetrically,  would  give  us  a  result 
approaching  as  near  as  we  choose  to  an  absolutely  continuous 

Fig.  145. 
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one  If  our  original  pair  of  coils  of  100  turns  each  were  split 
into  twenty  sets  of  pairs  of  five  turns  each,  or  even  into  ten  sets 
of  pairs  of  ten  turns  each,  the  approach  to  continuity  would 
be  very  nearly  truly  attained.  It  only  remains  to  calculate 
the  continuity  algebraically  ;  which,  though  not  difficult,  is 
rather  tedious. 
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Calnilatien  ofJ^ucfuaihns  of  the  Electromotive-foree  in 
Closed-coil  Armatures, 

We  have  seen  in  Chapter  III.  that  in  every  annatuie  a  section 
e  coil  connected  with  any  two  commutator-bars  is  undergoing 
eiy  instant  an  inductive  efTort  exactly  similar,  but  opposite  in  si 

that  going  on  in  the  section  connected  with  the  two  bars  on 
He  of  the  commutator  diametrically  opposite.  We  likened  the 
ts  of  coils  in  the  two  halves  of  the  annature  to  two  sets  of  galvf 
lis  arranged  in  parallel.  Suppose  the  annature  had  in  all  thi 
c  sections,  then  in  reality  there  are  two  sets  of  eighteen,  and 
ectromotive-force  induced  in  each  set  is  alike.  We  will  take 
se  of  a  ring  armature  as  being  less  comphcated  than  the  dr 
Et  the  symbol  c  stand  for  the  total  number  of  sections  in  the  ar 

re.    There  will  be  therefore  —  sections  in  each  half  of  the  aimai 

□m  brush  to  brush.  Let  each  section  consist  of  h  turns  of  v 
he  whole  armature  will  consist  oib  c  turns.  If  these  c  sections 
X  symmetrically  round,  the  angle  between  the  plane  of  each  sec 

id  the  next  one  to  it  will  be  - —  degrees  or  —  radians.      ' 


til  this  ai^le  =  j3.  We  will  then  calculate  the  total  electromol 
rce  induced  in  one  set  of  sections,  that  is  to  say,  in  one  of 
iws  of  J  c  sections  of  coils  extending  half  round  the  armature 
)mmutator  from  one  brush  to  the  other.  Referring  to  and 
embering  that  only  \  N  lines,  at  most,  go  through  any  one  sec 
:  any  instant,  we  see  that  in  the  first  section,  when  it  has  tur 
irough  angle  $,  the  induced  electromotive-force  ty,  will  be 

ex  =11  -sain  $, 


here  m  is  the  angular  velocity.     In  the  second  section  the  elec 
otive-force  will  be 

<rj  =  <..  -dsin(e  +  ^), 

:cause  this  section  has  a  position  differing  by  an  angle  ^  from 
;st  section.     In  the  third  section  we  have  similarly 

e,=  -dsm(0  +  2p); 
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and  so  on,  until  we  come  to  the  last  section  of  the  set,  for  which  the 
electromotive-force  will  be 

N 


e^  =  ui---^siA(tf  +  J^-  1)8). 

Bat  the  whole  electromotive-force  of  the  set  is  the  sum  of  all  these 
separate  electromotive-forces ;  so  we  have 

E  =  «  —  ^  X 

2 

I  sin^  +  sin (fl  -f  )8)  4-  sin  (e  +  2  j8) sin(tf  +  h^^ P)  j  . 

We  can  get,  however,  no  information  with  respect  to  the  maximum 
and  minimum  values  of  this  fluctuating  electromotive-force  as  long  as 
the  expression  for  £  is  in  the  form  of  a  long  series  of  values.  We 
mnst  proceed  to  sum  this  series  within  the  brackets. 

Insertmg  this  value,  we  get  at  once 

ii  =  uj —  0 z • 

2  •     P 

sm- 

2 

The  amount  of  fluctuation  implied  in  this  formula  depends  on 
how  the  brushes  are  set  They  slide,  of  course,  from  one  bar  of  the 
commutator  to  another  while  the  conmiutator  moves  through  the 
angle  j9.  So,  if  0  =  o  at  the  beginning,  when  the  commutator-bar  is 
just  beginning  to  touch  the  brush,  then  0  =  13  just  as  the  bar  leaves 
contact  with  the  brush.    And  when  the  brush  touches  the  middle  of 

the  bar  0  =  — .     Now  the  cosine  is  a  maximum  when  the  angle  is  a 

2 

minimum.    Therefore  E  will  be  a  maximum  when  —  =  0,  /.  e.  when 

2 

P 

-  -  e  =  o :  and  E  will  be  a  minimum  when  either  tf  =  o,  or  0  =  )8. 

We  have,  consequently,  the  following  results   as  the  bar  of  the 
commutator  passes  under  the  brush  : 

(i)  At  beginning  ($  =  o),  ^^^^ 

E  (a  minimum)    .    .    .    .   =  oi  —  ^ ? 

sm^ 

2 


o 


N.  90 

-  ui—  ^cotan-T— 

2  ic 
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(a)  At  middle  of  bar^tf  =  ^l 


(3)  At  end  (0  =  0), 

E  (again  a  mininum)  . 


=  m  —  r  cotan  \ — . 

The  greatest  fluctuation  therefore  that  can  occur,  will  b( 

liSerence  between  coscc  -z—  and  cotan  r—  :   and,  since  each 
'\c  \( 

IS  it  passes  under  the  biushes  comes  into  the  position  just  occi 

)y  the  bar  preceding  it,  there  will  be  as  many  fluctuations  in  < 

evolution  as  there  are  bars  in  the  commutator  or  sections  ir 

irmature,  namely  c      Further  than  this,  if  we  could  increase 

.90°      & 


sjual  to  —  ;  for  -7-  =  — ,  and  for  small  angles  the  arc  is  sen 


,92. 

i' 

;qual  to  either  the  sine  or  the  tangent.  We  will,  however,  calo 
he  actual  amount  of  fluctuation  in  certain  cases.  Many  &fOi 
ire  built  with  armatures  having  a  36-part  collector,  and  thirt 
lections  in  the  armature  coil.  We  want  to  know  the  fluctuadoi 
his  case,  and  in  other  cases  with  fewer  or  more  segments, 
allowing  table  gives  the  results  of  the  calculations;  the  numb< 
ections  of  the  armature  and  conunutator  being  given  in  the 
lolumn,  and  their  angular  breadth  in  the  second.  The  fluctuatii 
he  difi'crcnce  betiveen  columns  3  and  4 ; — 
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c 

P 

i3 
cosec  — 

3 

ootan  — 

a 

C 

The 
Fluctuation. 

Percentage 
Fluctuation. 

2 

4 
10 

90 
36 

•5 

•3479 

•3236 

0* 
•2500 

•3077 

• 

5 
•0979 

•0159 

±5000 
14-04 

238 

12 

20 

30 

24 
18 

•3220 

•3206 
•3196 

•3"o 

•3136 
•3157 

•Olio 
•0070 

•0039 

I '70 

I' 10 

•61 

24 

36 

15 
12 

10 

• 

•3192 

•3^89 
•3187 

•3165 
•3171 
•3175 

'0027 

•0018 

'0012 

•42 
•28 
•19 

40 

45 
6o 

9 

8 

6 

•3186 

•31857 
•31846 

•3177 

•31780 

•31802 

'OOO9 

•00077 

•00044 

•14 
•12 

•07 

90 

360 
5400 

4 

I 

•31838 
•3i83« 
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From  these  figures  it  is  apparent  that  the  fluctuations  become 
practically  insignificant  when  the  number  of  sections  is  increased ;  as 
indeed  the  curves  of  Figs.  136  to  145  showed.  With  a  20-part  com- 
mutator the  fluctuations  of  the  electromotive-force  in  the  armature 
are  less  than  i  per  cent  of  the  whole  electromotive-force.  With  a 
36-part  conunutator,  they  are  less  than  one-fifth  of  i  per  cent.  So 
far  as  mere  fluctuations  are  concerned  then,  it  is  practically  a  useless 
refinement  to  employ  commutators  of  more  than  thirty-six  parts. 
But  there  are  other  reasons,  as  we  shall  see  in  considering  the  self- 
induction  in  the  separate  sections,  for  making  the  number  of  sections 
as  great  as  possible. 

Now,  assuming  that  we  wind  our  coil  in  a  large  number  of 
sections,  so  that  the  fluctuations  may  be  negligible,  what  will  the  total 

dectromotive-force  be  ?    We  may  write,  as  we  have  seen,  —  for  either 

IT 

cosec  —  or  for  cotan  — ,  giving  us  E  =  cd  —  ^  - .    Now  w  =  2  ir «, 

2  2»    o         o  2        IT 
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and  ^  r  =  C,  so  that  our  fonnnla  once  more  becomes  E  =  «  C 
as  before; 

Measurement  of  Fluctuation, 
The  relative  amount  of  fluctuation  in  the  current  furnished  b 
dynamo  may  be  observed  by  noticing  the  inductive  effect  on  a  nei 
bouring  circuit.  Let  a  coil  be  introduced  into  the  circuit,  and  le 
second  coil,  wholly  disconnected  from  the  first,  be  laid  coaxially  w 
it,  so  that  the  coefficient  of  mutual  induction  between  the  coils  si 
be  as  great  as  possible.  Introduce  into  the  circuit  of  the  second  < 
a  Bell  telephone  receiver.  If  the  main-circuit  current  is  steady  th 
will  be  no  sound  heaid.  If  it  fluctuate,  each  fluctuation  will  indi 
a  corresponding  secondary  current  in  the  telephone  circuit,  and 
amount  and  fiequency  of  the  fluctuations  may  be  estimated  by 
loudness  and  pitch  of  the  sound  in  the  telephone.  The  fluctuatii 
of  the  current  of  a  Brush  dynamo,  which  are  about  r  J  per  cent, 
in  this  manner  readily  detected.  Professor  Ayrton  has  suggested 
introduction  into  the  secondary  induction  circuit  of  an  electro-dy 
mometer  to  serve  as  a  "  discontinuity-meter." 

Effect  of  Nansimultamous  Commutation. 
If  the  brushes  are  not  so  set  that  the  sliding  of  contact  under  < 
brush  is  not  accomplished  at  the  same  instant  as  that  under  the  ot 
brush,  then  it  is  clear  that  there  will  be  slightly  unequal  electromoti 
forces  in  the  two  halves  of  the  armature  drcuiL  This  moment 
inequality  will  die  out,  to  be  succeeded  by  another  inequality 
opposite  sign)  when  commutation  occurs  at  the  Other  brush.  1 
eflect  will  be  the  same  as  though  a  small  alternating  current  havi 
3  ne  periods  of  alteration  per  second  were  made  to  act  around  i 
circuit  of  the  armature.  Such  effects  may  be  occasioned  in  armatu 
by  various  causes ;  if  the  number  of  sections  in  the  armature  be 
odd  number ;  if  the  numbers  of  conductors  in  all  the  sections  are  i 
aUVe  or  their  connexions  are  unsymmetrical  j  or  lastly,  if  the  conta 
edges  of  the  brushes  do  not  lie  exactly  at  opposite  ends  of  a  diamet 
These  effects  are  independent  of  a  still  smaller  alternation  arising 
every  armature  in  consequence  of  mutual  inductions  between  I 
currents  in  the  commutated  coils  and  those  adjacent  to  them. 

Measurement  of  N. 
An  important  problem  is  how  to  measure  the  actual  number 
magnetic  lines  that  pass  through  the  armature.     This  number 
really  best  ascertained  by  calculation  from  the  performance  of  t 
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machine  itsel£  The  speed  being  observed  by  aid  of  a  suitable 
speed-counter,  the  number  of  conductors  round  the  armature  being 
known,  and  the  whole  electromotive-force  generated  in  the  machine 
bemg  measured  by  proper  electrical  methods,  then  it  only  remains 
to  apply  the  fundamental  formula,  transformed  so  as  to  calculate 
back  to  N  : — 

E  X  10* 


N  = 


»C 


To  measure  £  the  means  adopted  must  depend  upon  the  con- 
struction of  the  machine.  If  it  is  a  continuous-current  machine, 
either  magneto  or  separately-excited,  then  a  simple  voltmeter  applied 
at  the  open  terminals  or  brushes  will  sufiice.  If  the  machine  is  series- 
wound  or  shunt-wound,  the  same  method  may  apply,  provided  the 
magnetizing  coils  can  be  disconnected  and  separately  excited  up  (for 
example,  by  using  accumulators)  to  the  right  degree  while  the 
machme  is  run.  In  all  these  cases  the  result  will  not  correctly 
represent  the  working  values,  because  in  work  there  are  the  re- 
actions due  to  considerable  currents  in  the  armature  coils.  To 
measure  £  while  the  machine  is  running,  it  must  either  be  run  upon 
known  resistances  (so  as  to  enable  £  to  be  calculated  from  Ohm's 
law) ;  or  £  may  be  calculated  by  measuring  (see  p.  228)  the  difference 
of  potentials  at  the  brushes  with  a  voltmeter,  and  then  calculating 
from  the  resistance  of  and  current  in  the  armature  the  volts  lost 
internally,  which,  added  to  the  measured  volts,  make  up  the  whole  E. 

Another  way,  which  does  not  involve  the  running  of  the  machine 
—and  is  therefore  less  satisfactory — ^is  to  wind  closely  around  the 
artnature,  exactly  in  the  diameter  of  commutation,  a  single  turn  of 
fine  insulated  wire,  the  ends  of  which  are  connected  through  two 
insulated  wires  lying  close  together,  or,  better,  twisted  together,  to  a 
haOistic  galvanometer  of  slow  period  and  of  appropriate  sensitiveness. 
This  being  done,  arrangements  are  then  made  to  separately  excite 
the  field-magnets,  by  some  auxiUaiy  current,  to  an  amount  equal  to 
the  working  value.  On  turning  on  the  exciting  current,  a  current 
of  short  duration,  proportional  in  its  integral  value  to  the  number  of 
magnetic  lines  which  have  thus  been  introduced  through  the  wire 
loop,  is  excited  in  the  circuit  and  produces  a  throw  on  the  galvano- 
meter; the  amount  of  this  throw  can  be  regulated  by  introducing 
suitable  resistances.  On  breaking  the  exciting  circuit  or  short- 
circuiting  the  exciting  coils,  another  throw  is  observed  in  the  opposite 
direction,  and  of  equal  amount  To  ascertain  the  absolute  number 
of  lines  indicated  by  this  throw,  a  comparative  experiment  must  be 
niade  with  some  sort  of  apparatus  for  introducing  a  known  number 
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if  magnetic  lines  into  the  same  circuit  A  good  wajr  to  do  thi 
0  use  a  hand-coil  of  large  size  (resembling  on  a  l^e  scale  the  i 
if  a  tangent  galvanometer),  wound  with  a  known  number  of  turn: 
ine  wire,  the  average  area  of  these  turns  being  known  from  can 
neasurement.  Such  a  coil  should  be  included  in  the  circuit  of 
iforesaid  galvanometer,  but  with  leading  wires  enabling  it  to 
)laced  at  a  sufficient  distance  away  from  the  dynamo  and  from 
>ther  magnets  and  iron,  to  allow  of  no  error  arising  irom  such  cai 
)f  perturbation.  It  should  be  laid  level  in  some  spot  for  which 
mlue  of  the  vertical  compound  of  the  earth's  magnetic  field  is  kno 
In  London  this  is  0-43  C.G.S.  units.)  On  suddenly  inverting 
»>il,  another  throw  is  produced  in  the  ballistic  galvanometer,  ' 
«sult  may  be  calculated  out  as  follows : — Let  Si  be  the  throw  dui 
ntroducing  the  N  lines  through  the  loop,  and  S,  the  throw  given 
nverting  the  coil.  Calling  the  number  of  turns  in  the  coil  S, 
[average)  area  of  each  of  them  A,  and  V  the  intensity  of  the  vert 
:omponent  of  the  earth's  field,  then  the  number  of  lines  cut 
inverting  the  coil  is  3  S  A  V.  And  N  is  found  by  solving  the  sin 
rule-of-four  sum : — 

N:aSAV:,:S,:Sr 

In  a  modification  of  this  method,  briefly  described  on  p. 
Mr.  Mordey  measures  in  an  alternator  the  number  of  magnetic  I 
which  pass  at  each  position  of  the  armature  through  its  coils. 


The  Magneto-machine  and  the  Separately- 
excited  Machine. 

In  the  equations  hitherto  considered  it  was  assumed  I 
the  armature  rotated  in  a  magnetic  field,  the  quantity  of  wl 
was  specified  by  the  symbol  N.  Nothing  was  specified  a 
the  kind  of  field-magnets  ;  and  the  general  formula  dedu 
is  of  course  applicable  for  all  kinds,  provided  their  magn 
power  is  known.  In  magneto-dynamos  in  which  the  (ieli 
due  to  permanent  magnets  of  steel,  N  depends  both  on 
magnetism  of  the  steel  and  on  the  iron  core  of  the  armaf 
The  number  of  lines  that  find  their  way  through  the  arma 
is,  however,  lessened  by  the  reaction  of  the  armature  whe 
large  current  is  being  drawn  from  the  machine.  If  the  n 
netism  of  the  field-magnets  were  so  overpoweringly  grea 
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compared  ^vith  that  due  to  the  armature  coils,  that  this  reaction 
were  insignificantly  small,  then,  since  our  fundamental  formula 
is: — 

E  =  «  C  N, 

E  would,  for  any  given  magneto  machine,  be  directly  propor- 
tional to  »,  the  speed  of  rotation.  But  we  know  in  practice 
that  this  is  not  the  case.  Suppose  we  turn  a  magneto  machine 
at  600  revolutions  per  minute  {n  =  10,  for  then  there  will  be 
10  revolutions  per  second)  and  get,  say,  17  volts  of  electro- 
n.otive-force  from  it,  then,  if  there  were  no  reactions  from  the 
armature,  turning  it  at  1200  revolutions  per  minute  ought  to 
give  exactly  34  volts.  This  is  never  quite  attained  ;  though 
in  many  machines,  as,  for  example,  in  the  laboratory-pattern 
magneto-Gramme  machines  made  by  Breguet  (Fig.  7,  p.  1 5), 
the  direct  proportion  is  very  nearly  attained  even  with  much 
higher  speeds. 

Relation  between  Speed  and  Electromotive-force,     Dead-Turns. 

If  the  current  in  the  armature  is  kept  constant  by 
increasing  the  resistances  of  the  circuit  in  proportion  to  the 
speed,  the  demagnetizing  action  of  the  armature  can  be  kept 
constant,  even  though  the  machine  is  giving  out  a  current. 
In  some  experiments  made  by  M.  Joubert  at  different  speeds, 
the  electromotive-force  was  measured  by  an  electrometer 
which  allowed  no  current  whatever  to  pass.  The  only 
possible  reactions  were  those  due  to  possible  eddy-currents  in 
the  core  :  and  the  theoretical  law  was  almost  exactly  fulfilled. 
The  observations  are  given  below,  and  plotted  in  Fig.  146,  in 
which  the  straightness  of  the  "  curve  "  shows  how  nearly  truly 
the  theoretical  condition  was  attained.^ 

Speed         500        720      1070     revolutions  per  minute. 

Electromotive-force  ..     103        145        208     volts. 

The  departure  from  a  straight  line  observed  with  high 
speeds  is  probably  due  to  the  demagnetizing  effect  of  eddy- 
currents  in  the  rotating  masses. 

'  See  also  experiments  by  Mordey,  Journal  LE,E,y  xix.  233,  1890. 

Q 
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The  number  of  turns  by  which  the  speed,  at  any  oi 
exceeds  the  number  that  would  be  needed  for  strict  pr 
tion  is  called  the  dead-turns. 


Cdkte  showing  Relation  between  Speed  and  Elect rohotitk-f 


Potential  at  Terminals  of  a  Dynamo.     Lost  Volts. 

The  potential  at  terminals  of  the  magneto  machine- 
indeed  of  every  dynamo — is,  when  the  machine  is  doing 
work,  less  than  E,  the  total  induced  electromotive-) 
because  part  of  E  is  employed  in  driving  the  current  thr 
the  resistance  of  the  armature.  The  symbol  e  ma; 
conveniently  used  for  the  difference  of  potential  bet 
terminals.  Only  when  the  external  circuit  is  open,  so  th: 
current  whatever  is  generated,  ^  =  E.  It  is  conveniei 
have  an  expression  for  e  in  terms  of  the  other  quani 
seeing  that  when  any  current  is  being  generated  it  i; 
possible  to  measure  E  directly  by  a  voltmeter  or  b 
electrometer,  whereas  e  can  always  be  so  measured. 

Let  r,  be  the  internal  resistance  of  the  machine,  that 
say  the  resistance  of  the  armature  coils,  and  of  everyi 
else  in  circuit  between  the  terminals ;  and  let  R  be 
resistance  of  the  external  circuit.  Then,  by  Ohm's  lav 
be  the  current, 

E  =  (/(r.  +  R). 
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But  by  Ohm's  law  also,  if  e  be  the  difference  of  potential 
between  the  terminals  of  the  part  of  the  circuit  whose 
resistance  is  R, 


e^  /R; 


whence 


R 


also 


E       r, +  R 


R       1-. 

r.  +  R 


»    •    • 


[iii.]^ 


It  is  also  convenient  to  note  that 

p.  _   n  +  R  , 


for  this  formula  enables  us  to  calculate  the  value  of  £  from 
observations  of  e  made  with  a  voltmeter.  But  often  the  values 
of  R  are  unknown  :  hence  the  following  is  more  useful.  By 
subtracting  the  second  of  the  above  equations  from  the  first 
of  them  we  get  : — 

E  —  ^  =  ira 

or 

^=E  -  /ra [IV.] 

This  is  equivalent  to  saying  that  the  volts  at  the  terminals 
are  equal  to  the  whole  volts  generated  in  the  armature  less 
the  volts  needed  to  drive  the  current  i  through  the  internal 
resistance  r.  The  volts  i  r,  which  are  thus  not  available  in 
the  external  circuit,  are  called  the  lost  volts :  they  will  be 
less  the  smaller  the  internal  resistance  is.  If  ^  is  observed 
by  applying  a  voltmeter,  then  E  can  be  found  by  adding 
to  it  the  lost  volts ;  and  these  can  be  calculated  by  mea- 
suring with  an  amperemeter  the  current  flowing  through 
the  armature  and  multiplying  this  by  the  known  internal 
resistance. 

Q  2 
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Relation  between  -whole  Electromotive-force  and  Differi 


Potentials  at  the  Terminals, 


The  essential  distinction  pointed  out  above  betwee 
whole  electromotive-force  E,  and  that  part  of  it  whi 
available  as  a  diflerence  of  potentials  at  the  terminals  e, 
be  further  illustrated  by  the  following  geometrical  de 
stration,  which  is  due  to  Herr  Ernst  Richter.' 

In  a  machine  (such  as  are  chiefly  dealt  with  later)  in  ^ 
e  is  constant,  E  will  not  be  constant,  except  in  theunattai 
case  of  a  machine  which  has  no  internal  resistance, 
represent  the  internal  resistance  of  the  machine,  incli 
that  of  the  armature  and  of  any  magnet-coils  that  a 
the  main  circuit  (r  =  r.  +  r„)  ;  then, 
E  =  *■  +  »>. 

If  E  is  constant,  then  e  cannot  be  constant  when  i  vi 
and  if  *  is  constant,  E  cannot  be.  We  have  then  two  cas 
consider : — 

(l)  E  constant. — Take  resistances  as  abscissae  and  elc 
motive-forces  as  ordinates,  and  plot  out  (Fig.  147)  O  A 


c 

R' 

Fig.  147- 

R 

N^><::;^ 

t 

f.        A 

8 ^ 

AN  =  R,  OB  =  R  The  line  B  N  represents  the  i. 
potential  through  the  entire  circuit  Of  the  whole  eli 
motive-force  O  B,  a  part  equal  to  C  M  is  expendt 
driving  the  current  through  the  resistances  r,  leaving  the 
A  M  available  as  the  difference  of  potential  at  the  term 

'   ElektrBlKknisckt  Zeilithrift,  iv.  l6l,  April  18S3. 
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when  the  total  resistance  of  the  circuit  is  represented  by  the 
length  from  O  to  N.  Accordingly,  at  N  erect  a  vertical  line 
N  Q  equal  to  A  M.  Take  a  less  external  resistance  R'  =  A  N' 
and  by  a  similar  process  we  find  that  the  corresponding 
value  of  ^  is  A  M'  or  N'  Q'.  Similarly,  any  number  of  points 
may  be  determined  ;  they  will  all  lie  on  the  curve  A  Q  Q',  which 
therefore  shows  how,  as  the  external  resistance  is  increased 
the  terminal  potential  rises,  whilst  the  whole  electromotive- 
force  remains  constant  and  is  represented  by  the  horizontal 
line  B  R.  The  equation  of  this  curve  is  given  by  the  con- 
dition 

E  —  ^  _      r         ^ 

~^  RTTt' 

whence  (E  —  ^)  (R  +  r)  =  E  r  =  constant ;  which  equation 
is  the  equation  of  an  equilateral  hyperbola  having  O  B  and 
B  R  as  asymptotes. 

(2)  e   constant — As    in   the   preceding    case,   O  A  =  r ; 
A  N  =  R  ;  and  A  M  =  ^.    From  N  (Fig.  148)  draw  the  line 

Fig.  148. 


N  M  and  produce  it  backwards  to  B.  Then  O  B  represents 
that  value  of  E  which  will  give  e  volts  at  terminals  when 
R  =  N  M.    Accordingly  set  off  at  N  the  line  N  R  =  O  B. 
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In  a  precisely  similar  way  draw  N'B',  to  correspond  with 
other  value  of  R.  and  make  N'  R'  equal  to  O  B'.  N'  R'  r 
sents  the  value  of  E  when  the  value  of  the  external  resist 
R  is  equal  to  A  N'.  By  determining  other  values  we  ol 
the  successive  points  of  the  curve  R  R',  which  shows  hov 
whole  electromotive-force  must  vary  in  order  to  maint: 
constant  difTerence  of  potentials  at  the  terminals,  as  r< 
sented  by  the  horizontal  line  M  Q.  The  equation  to  this 
curve  is  given  by  the  condition 

E  ~e  _    e_ 
r       ~  R 

or  (E  —  e)  R  =  #  r  =  constant 

This  curve  is  also  an  equilateral  hyperbola. 


Thf  Separately-excited  Dynamo. 

For  separately-excited  dynamos  the  same  formula 
good  as  for  ma^eto-dynamos ;  but  in  this  case  N  dep 
upon  the  strength  of  the  independent  exciting  current 

In  estimating  the  nett  (or  commercial)  efficiency 
separately-excited  dynamo,  the  energy  spent  per  secon 
exciting  the  field-magnets  ought  to  be  taken  into  account 


Characteristic  of  Magneto  Machine,  and  of  Separately-ex 
Dynamo. 

In  the  magneto-dynamo  the  magnetism  of  the 
magnets  is  approximately  constant.  This  has  given  rise 
common  idea  that  in  such  machines  the  electromotive-l 
depends  on  the  speed  alone.  This  is  not  true.  For  owir 
the  cross-magnetizing  and  demagnetizing  tendency  of 
currents  in  the  armature  coils,  the  number  of  magnetic 
that  actually  traverses  the  armature  core  diminishes  whei 
currents  in  the  armature  are  strong.  The  stronger  the  cu 
in  the  armature  the  strongerthe  reaction.  As  will  be  expU 
(p.  245),  it  is  convenient  to  plot  out  certain  curves,  knov 
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Fig. 

149. 
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Characteristic  of  Magneto 
Machine. 


diaracteristics^  to  exhibit  the  relation  that  subsists  between  the 
electromotive-force  and  the  current  under  different  conditions 
of  speed,  resbtance,  &c.  Usually  one  of  the  conditions 
assumed  is  that  the  speed 
is  constant  Such  curves 
are  particularly  useful  for 
studying  the  various  reactions 
that  exist  between  the  field- 
ma^et  and  armature.  Fig. 
149  gives  the  characteristic 
of  a  small  magneto  machine 
of  the  laboratory  type,  having 
a  Gramme  ring.  It  was 
capable  of  lighting  two  small 
Swan  lamps  of  about  5 
candle-power.  On  open  cir- 
cuit the  electromotive- force 
was    13-1   volts  at   a   speed 

of  1400  revolutions  per  minute.  The  value  of  E,  the  total 
electromotive-force  generated  in  the  armature,  fell  from  13*  i 
to  12 '4  volts  when  a  current  of  i  '8  amperes  was  taken  from 
the  machine ;  and  when  it  was  short-circuited  to  give  6  •  i 
amperes  the  value  of  E  fell  to  9  •  2  volts.  This  was,  however, 
an  exceptionally  bad  case. 

The  reaction  of  the  armature  current  was  here  very 
strongly  marked.  Were  there  no  reaction,  the  characteristic 
would  follow  the  dotted  line  to  A  instead  of  dropping  down 
to  B.  As  explained  on  p.  89,  the  demagnetizing  tendency 
of  the  armature  current  increases  with  the  lead  given  to  the 
brushes. 

The  characteristics  of  separately-excited  dynamos  exhibit 
a  similar  decline  in  the  electromotive-force ;  and  the  reasons 
are  exactly  similar.  A  careful  study  of  these  machines  was 
made  in  1884  by  Mr.  W.  B.  Esson,^  who  gives  the  following 
curve  for  a  separately-excited  dynamo  having  a  modified 


'  EUctrical  Review^  xiv.  393,   April  18S4.    See  also  papers  by  M.  Marcel 
Beprez,  CompUs  Rendus^  xciv.  pp.  15  and  86,  1882. 
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Pacinotti  ring  armature.    The  line  E  (Fig.  1 50)  repres 

the  total  electromotive-force  if  there  were  no  reactions. 

line  €  represents  the  values  of  the  potential  between 
brushes  of  the  machine  (ca 
e  in  this  book  in  contra 
tinction  to  E  the  whole  t 
tromotivc-force)  as  it  w( 
be  if  there  were  no  react 
The  curved  line  B  gives 
actually-observed  values 
when  different  currents  1; 
taken  from  the  maci: 
The  great  drop  at  the  Ic 
end  of  the  curve  is  prob; 
due  to  the  greater  den 
nctizing  effect  of  the  ar 
ture  current  when  ther 
(as  with  strong  currents 
considerable  lead  at 
brushes.  The  character 
always  shows  such  downv 

curvature  more  when  the  field-magnets  are  weakly  exci 

(See  Fig.  420.) 


^ I- 

^11 


Efficiency  and  Economic  Coefficient  of  Dynamos. 

Suppose  that  we  know  the  actual  mechanical  horse-p( 
applied  in  driving  a  dynamo.  This  can  be  measured  dirt 
either  by  using  a  transmission  dynamometer,  or  by  ta 
an  indicator  diagram  from  the  steam-engine  that  is  dri 
it,  or,  in  certain  special  cases  where  the  field-magnets  ca 
pivoted  or  counterpoised,  by  applying  the  method  origir 
pursued  by  the  Rev.  F.  J.  Smith,  and  later  described 
M.  Marcel  Deprez  and  by  Professor  Brackett,  in  which 
actual  mechanical  interaction  between  the  armature  and  f 
magnets  is  utilized  to  measure  the  horse-power  used  in  dri 
the  machine.  If,  then,  we  know  the  horse-power  applied, 
if  we  measure  the  "  activity  "  of  the  dynamo,  that  is  to  sa 
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output  of  electrical  horse-power,  we  have  by  comparing 
the  mechanical  power  absorbed  with  the  electrical  activity 
developed,  a  measure  of  the  "  efficiency  "  of  the  dynamo  as 
an  economical  converter  of  mechanical  energy  into  electrical 
energy.  It  must,  of  course,  be  borne  in  mind  that  part  of 
the  electrical  energy  developed  is  inevitably  wasted  in  the 
machine  itself,  in  consequence  of  the  unavoidable  resistance 
in  the  wire  of  the  armature,  and,  in  the  case  of  self-excited 
dynamos,  in  the  wire  of  the  field-magnet  coils.  There  must 
therefore  be  drawn  the  distinction  mentioned  on  p.  1 17  between 
the  gross  efficiency  of  the  machine,  or  as  it  is  sometimes 
called,  its  "efficiency  of  electric  conversion,"  and  its  nett 
efficiency  or  commercial  efficiency. 

To  express  efficiency,  whether  gross  or  nett,  we  must, 
however,  have  the  means  of  measuring  the  electric  output  of 
the  dynamo,  or  of  any  part  of  its  circuit. 

As  is  well  known,  the  energy  per  second  of  a  current  can 
be  expressed,  provided  two  things  are  known,  namely,  the 
number  of  amperes  of  current,  and  the  number  of  volts  of 
potential  between  the  two  ends  of  that  part  of  circuit  in  which 
the  energy  to  be  measured  is  being  expended.  The  number 
of  amperes  of  current  is  measured  by  a  suitable  ampere- 
meter ;  the  number  of  volts  of  potential  by  a  suitable  volt- 
meter. The  product  of  the  volts  into  the  amperes  expresses 
the  electric  energy  expended  per  second  in  terms  of  the 
unit  of  activity  denominated  the  "  watt "  (see  Appendix  A,  on 
Units).  As  I  horse-power  is  equal  to  746  watts,  the  number 
of  volt-amperes  (/.  e.  of  watts)  must  be  divided  by  746  to  give 
the  result  in  horse-power.  If  i  represents  the  current  in 
amperes,  and  e  the  difference  of  potential  in  volts,  then  the 
"activity"  or  "electric  power,"  for  which  we  may  use  the 
symbol  w,  may  be  written 

«'  =  -^ [V.] 

746 

The  ratio  of  the  useful  electrical  energy  realized  in  the 
external  circuit  to  the  total  electric  energy  that  is  developed 
in   the   armature    is  called  the    "  electrical   efficiency "  or 
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economic  coefficient "  of  the  machine.  It  may  be  expre< 
Igebraically  as  follows : — If  through  an  armature  then 
lowing  a  current  of  t^  amperes,  and  its  total  electromot 
arce  be  E  volts,  then  its  total  electric  activity  will  be 

=  E  i.  (watts). 

f  the  volts  of  pressure  between  the  terminals  of  the  dyni 
le  e,  then  the  useful  activity  is 

=  e  i  watts. 

Using  the  symbol  ij  for  the  "  economic  coefficient,' 
o-called  "  electrical  efficiency,"  we  have 


>r,  if  the  machine  has  no  shunt,  so  that  i  and  i.  are  the  s. 
hing. 


Jut  we  know  that  the  ratio  =  depends  on  the  relation  of 
nternal  and  external  resistances,  for 

vhere  R  is  the  resistance  of  the  external  circuit,  and  r 
nternal  resistance  (armature,  magnets,  &c.)  of  the  macb 
^ence,  for  a  series  dynamo  or  a  magneto  machine, 

R  p 

Obviously,  this  coefficient  will  approach  more  and  n 
icarly  to  unity  the  more  that  the  value  of  r  can  be  diminis 
r'or  ifa  machine  could  be  constructed  of  ni^intemal  resist: 
here  would  be  none  of  the  energy  of  the  current  expen 
n  driving  the  current  through  the  armature  and  wastec 
leating  its  coils. 

We  shall  see  later  on  how  the  expression  for  the  econo 
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coeffident  17  must  be  modified  in  the  case  of  shunt  d3mamos 
and  compound  dynamos. 

Returning  now  to  the  real  efficiency  of  the  machine,  let  us 
use  the  symbol  W  for  the  mechanical  work-per-second,  or 
horse-power,  actually  used  in  driving  the  armature.  And, 
remembering  that  the  gross  electric  activity  of  the  machine 

is  —  ,  we  have  for  the  gross  efficiency ^  or  efficiency  of  electric 
conversion, 


W  X  746* 

and  for  the  fiett  efficiency^  or  useful  commercial  efficiency, 

ei 
W  X  746 ' 

It  will  be  seen  that,  as  the  first  of  these  expressions  contains 
E,  and  the  second  ^,  the  nett  efficiency  can  be  obtained  from 
the  gross  efficiency  by  multiplying  by  ^,  the  economic 
coefficient 

It  must  be  noticed  before  passing  from  this  topic  that 
since  t,  the  strength  of  the  current,  enters  into  each  of  the 
expressions  for  efficiency  as  a  factor,  and  as  i  depends  not 
only  on  the  resistance  of  the  machine  itself,  but  on  that  of  the 
lamps,  or  other  parts  of  the  system  which  it  is  used  to  feed, 
it  is  somewhat  misleading  to  talk  of  the  efficiency  of  the 
dynamo^  as  if  the  efficiency  was  a  property  of  the  dynamo. 
On  the  contrary,  not  only  the  gross  efficiency,  but  also 
economic  coefficient,  and  therefore  a  fortiori^  the  nett  effi- 
ciency, depend  on  the  external  resistance,  that  is  to  say  on 
the  number  of  lamps  that  may  happen  to  be  alight !  But  still 
there  is  a  sense  in  which  these  expressions  are  justifiable. 
Every  dynamo  is  designed  to  furnish  a  certain  quantity  of 
lamps,  and  therefore  to  carry  a  certain  average  current.  Its 
efficiency  and  coefficient  of  economy  ought  therefore  to  be 
expressed  in  terms  of  that  current  (and  of  that  external 
resistance)  which  may  be  considered  the  fair  working  load 
of  the  machine. 
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Variation  of  Economic  Coefficient  with  Current. 

It  will  be  noticed  that  in  the  case  of  the  series  mach 
considered  above,  the  value  of  ij  will  be  different  when  R  1 
external  resistance  is  varied.  When  R  is  very  great  co 
pared  with  r,  then  the  value  of  ij  is  very  nearly  ^  i  ;  but 
small  values  of  R,  the  value  of  17  diminishes  indefinitely.  I 
when  R  is  large  the  current  is  small,  and  when  R  is  small  1 
current  is  large.  It  appears,  therefore,  that  a  series  dyna: 
has  its  maximum  value  for  the  economic  coefficient  when  it 
doing  its  minimum  of  work. 


The  Series  Dynamo. 

In  the  series  dynamo  (see  Fig.  151,  also  Fig.  39),  then 

but  one  circuit,  and  therefore  but  one  current,  whose  stren; 

(■    depends    on    the    elect 

Fig.  151,  motive-force   E  and  on  1 

sum  of  resistances  in  the  < 

cuit     These  are  : — 

R  =  the  external  (variab 

resistance, 
r.  =  the   resistance  of  1 

armature, 
r.  =  the  resistance  of  I 
field-magnet  coils 
By  Ohm's  law — 
E  =  (R  +  r.  +  r.)i. 
\lso  e,  the  difference  of  potential  between  the  terminals 
he  machine,  is 

^  =  R  (". 

It  is  also  convenient  to  find  an  expression  for  the  djfferer 
)f  potential  between  the  brushes  of  the  machine ;  the  vo 
neasured  here  being  greater  than  e,  because  of  the  resistar 
)f  the  field-magnets  ;  and  less  than  E,  because  of  the  resi 
ince  of  the  armature  coils.     For  this  difference  of  potent 
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between  brushes  we  will  use  the  symbol  6.  Then,  by  Ohm's 
law,  remembering  that  the  current  running  through  r«  and  R 
is  of  strength  i^  we  have 

€  =  (R  +  r„)  I  ; 
whence,  also, 

^  =  E  -  (r,  +  O  /. 


Economic  Coefficient  of  Series  Dynamo, 

From  Joule's  law  of  energy  of  current  it  follows  that  the 
economic  coefficient  97,  which  is  the  ratio  of  the  useful  electric 
enei^y  available  in  the  external  circuit  to  the  total  electric 
energy  developed,  will  be 

useful  work  ^  i^Kt  e 

^  "  total  work   ""    i^  (R  +  r„  +  r^y  "  E ' 

or 

This  is  obviously  a  maximum  when  r,  and  r^  are  iotA 
very  small.  Sir  W.  Thomson  recommends  that  r.  be  made 
a  little  smaller  than  ra. 

Example: — In  a  Phcenix  arc-lighting  dynamo,  designed  by  Esson, 
r.  =  3*448  ohms,  and  r.  =  4' 541  ohms.  If/  =  10  amperes^  the 
lost  volts  will  be  79 '89. 

Further  than  this  we  cannot  go  without  introducing  some 
kind  of  an  expression  to  connect  E  with  the  number  of 
ampere-turns  in  the  exciting  coils.  If  we  introduce  the  con- 
venient approximate  formula  of  Frolich,  as  given  on  p.  167, 
we  shall  obtain  some  approximate  dynamo  formulae.  These 
were  given  in  detail  on  pp.  401  to  410  of  the  third  edition  of 
this  book ;  wherein  also,  at  pp.  620,  627,  and  632,  were  given 
the  more  elaborate  developments  by  Frolich,  by  Clausius,  and 
by  Riicker. 
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The  Shunt  Dynamo. 

In  the  shunt  dynamo,  there  are  two  circuits  to  be  t 
idered  ;  the  main  circuit,  and  the  shunt  circuit.  Thesyml 
sed  have  the  following  meanings. 


mm 


j^.  15a. 


R- 


-..-./ 


R  =  resistance  of  external  main  circuit  (leads,  lamps,  fi 
r.  =  resistance  of  armature. 

r.  =  resistance  of  the  shunt  circuit  (magnet  coils). 
/■    =5  the  current  in  the  external  main  circuit. 
i„  =  the  current  in  the  armature. 
/',    =  the  current  in  the  shunt  circuit  (the  lost  ampere; 
Then,  clearly, 

i.  =  i  +  (, 

lecause  the  current  generated  in  the  armature  splits  i 
hese  two  parts  in  the  main  and  shunt  circuits,  and  is  equa 
heir  sum. 

We  may  call  that  part  of  the  whole  current  which  reti 
hrough  the  shunt,  and  is  not  available  in  the  external  circ 
he  lost  amperes:  in  a  good  modern  machine  they  are  at  n 
mly  2  or  3  per  cent,  of  the  whole  output  of  current.  If 
he  volts  at  the  terminals,^the  lost  amperes  may  be  calcuh 
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For  example,  in  the  Kapp  d3mamo  (p.  488),  giving  200  amperes 
at  a  pressure  of  105  volts  at  terminals^  r,  was  31  ohms,  hence  the 
lost  amperes  were  3*4,  and  total  current  in  armature  at  full  load 
2Qy\  amperes, 

^     Also,  by  Ohm's  law,  we  have  for  e  the  rfectromotive-force 
between  terminals,  vh^       ^t 

and  also  ^  ^  , 

'    e=:r  i  '  ^  ' ' K 

because    the    terminals  for   the  main   circuit  are   also   the 
terminals  for  the  shunt  circuit  .  >. 

Further,  since  the  nett  resistance  of  a  branched  circuit  is 
the  reciprocal  of  the  sum  of  the  reciprocals  of  the  resistances      ^ 
of  its  parts,  the  nett  external   resistance  from    terminal  to    r  ^  ' 

terminal  is  equal  to  ;  and  hence  it  follows  that 

K  +  r,  ' 

AVe  may  at  the  same  time  find  an  expression  for  that  part 
of  the  whole  electromotive-force  which  is  being  employed 
solely  to  overcome  the  resistance  of  the  armature,  and  which 
is,  of  course,  the  difference  between  E  the  total  electromotive- 
force,  and  e  the  effective  electromotive-force  between  terminals. 

Ohm's  law  at  once  gives  us 

E  -  ^  =  /-./„, 
or 

E  -  ^  =  ra  (^'  -h  i,). 

From  this  we  also  get 

^  =  E  -  r.  (^  +  /.) [VIIL] 

We  will  also  find  an  expression  for  E  in  terms  of  ^,  and 
the  various  resistances.     Taking  as  above 


^  =  (^F7; +'^)*'' 
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nd  writing  for  (.  its  value  as  i  +  i^ ,  and  for  these  , 

■  respectively,  we  get 

■" -x' 


(Rr.  +  Rr.  +^.f,    ^  R  +  r.| 
Rr. 


It  may  be  noted  that  the  expression  (  p  +  ~  +  -)  '• 

:um  of  three  conductivities  of  three  paths,  and  is  then 
M^ual  to  the  conductivity  of  these  three  paths  united  in  par 
vith  one  another  ;  that  is  to  say,  the  conductivity  as  meas 
rom  brush  to  brush  with  the  external  circuit  and  shunt  ci: 
oined  up.  Or,  if  we  write  IR,  for  the  resistance  of  the  w 
lystem  of  machine  and  circuit,  as  thus  measured  from*  b 
:o  brush,  then  the  equation  may  be  written 

Economic  ^offficient  of  Shunt  Dynamo. 

The  economic  coefficient  ij,  is  the  ratio  of  the  useful  electric  ei 
ivailable  in  the  external  circuit  to  the  total  electric  energy  dcvcl 
By  Joule's  law  there  is  developed  in  /  seconds  in  the  exl 
:ircuit 

useful  work  =  i'Kt, 
and  in  the  same  time  there  is  wasted  on  heating, 

energy  spent  in  shunt  =  i*r,  I, 
and 

energy  wasted  in  armature  =  «,'  r,  t ; 
whence 

useful  work  ('  R 

total  work"  '^  ^B.  + i*r.  + i.»r. 
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'  "*"  r.  "•"  «^  R 


,R,r.  Rr       r. /R\« 


'  +  -  +  §+  2-  +  R-, 

r,       R  r,  r? 


+  ^(^+7.)  +  R  +  ^^ 


Now,  for  brevity,  write  for  the  total  internal  resistance,  r^  +  r,,  the 
single  sjrmbol  r — 

I 


V  = 


1  +  ?^  +!±+2!i 

r,   ^  ^  R         r. 


For  this  ratio  to  be  a  maximum  it  is  clear  that, 

R     r  .  K 


or 


^^s^ must  =  o, 


—  —  -  -  =  o  : 


whence 


r.2      R^ 


)sr  =  :=.  r  r  -- 


/ 


and 


or 


R  =i'f^.^ri, [rx.] 


R 
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This  equation  determines  what  particular  resistance  of  the  ex 
main  circuit  will  give  the  best  economy  with  given  intenial  resist 
Now  substitute  this  value  in  those  terms  of  the  equation  for  ij 
contain  R,  and  we  get  as  their  values : — 

r?    -  r.W  y  r.    ' 

K~~rST. ^' 

whence 

_  useful  work  _  1 

total  work         I  -1.  a   VK  '"    1      ''. 


This  may  be  still  further  simplified,  for  we  know  that  the 
ance  of  the  shunt  is  very  high  compared  with  that  of  the  am 


f  from  300  to  1000  times  as  great     If,  then,  -^  is  so 
r, 
a  term  in  comparison  with  the  other  tenn  as  to  be  negligible,  1 


-.sS?' 


and  since  r.  is  small  compared  with  r„  r  is  very  nearly  eqi 
r„  so  that  we  may  write,  as  an  approximate  equality, 


V^; 


This  latter  approximate  value  is  identical  with  that  given  1 
W,  Thomson  in   the   Report  of  the  British  Association  for 
the  equation  No.  [X,]  is,  however,  more  correct. 

It   may  be   pointed   out  that   it  follows   from   equ 
No.  [IX.]  above,  that  when  the  resistance  of  the  armat 
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small  compared  with  that  of  the  shunt,  so  that  r.  may  be  taken 
as  equal  to  the  value  of  r  (which  would  be  highly  desirable  if 
it  could  be  attained  in  practice),  then  we  should  have 


R  =  V^.r.; [XIL] 

that  is  to  say,  when  the  proportion  between  r.  and  n  is  made 
as  favourable  as  possible,  then  the  best  external  resistance  to 
work  with  from  tiie  economic  point  of  view  is  that  resistance 
which  is  a  geometric  mean  between  the  resistances  of  ^  the 
armature  and  of  the  shunt  coils,  and  any  departure  from  this 
will  diminish  the  value  of  the  economic  coefficient 


Practical  RuUsfor  Economic  Design. 

This  affords  us  some  practical  imformation  how  to  appor- 
tion the  resistances  in  a  shunt  dynamo.  Let  the  question  be 
thus  stated.  Given  the  resistance  of  the  armature  r. ,  what 
must  the  shunt  resistance  be  so  that  the  dynamo  may  (under 
favourable  proportions  of  external  resistance  R)  have  an 
economic  coefficient  of  90  per  cent  From  equation  [XI.] 
we  get 

90  _       I 


100 


I  +  2  W^!l- 


10=  i8o/w/!j?, 

r.  =  (i8)V„ 

r,  a=  324^-- 

No  shunt  machine  can  give  in  the  external  circuit  as 
fnuch  as  90  per  cent  of  its  total  electric  energy  unless  its 
shunt  has  a  resistance  at  least  324  times  as  great  as  that  of 
its  armature. 

R  2 


A 
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A  good  practical  rule  would  be  the  following; — i 
tain  what  number  of  lamps  will  be  the  usual  full  load :  f 
the  resistance  of  them  when  connected  to  the  mains, 
the  armature  resistance  be  one-twentieth  of  this ;  and  I 
shunt  resistance  be  twenty  times  as  great  as  this.  Ii 
case  about  4  per  cent  will  be  wasted  in  the  armatun 
about  4  per  cent  in  the  shunt,  leaving  a  margin  of  a 
over  90  per  cent  for  the  economic  coefficient. 


In  a  shunt  raachine  described  by  Sir  C.   W. 
Philesophkal  Transaaions,  1880,  the  results  were :— 


— 

Aniinin. 

Shunt 
Higut. 

-"••  Iv- 

Siemeni 

0-204 

U-»6 

«■■^ 

690 

In   an   Edison  machine   ("  K, "   250   lights)  tested  at  \ 
the  values  were : — 


— 

Anunn. 

■as^  j  '■"' 

Edlton,  "K" 

0*0361 

13-8. 

38J8 

88-6 

The  Edison-Hopkinson  machine,  described  on  p.  520,  gavi 


The  Kapp  dynamo  alluded  to  above,  p.  130,  and  depi< 
Plates  I.  &  II.,  gave,  including  the  scries  coil  with  the  armatui 


(Cold) 

0-0306 

29-133 

95" 

92 

(Warm) 

0-0319 

31-08     1 

94S 

(  >45     ) 


CHAPTER  X. 

CHARACTERISTIC  CURVES. 

So  many  practical  problems  in  the  construction  of  dynamo- 
electric  machines  are  in  the  present  state  of  science  solved  by 
the  use  of  graphic  diagrams,  and  particularly  by  the  use  of 
certain  curves  technically  called  characteristics,  that  the  method 
of  constructing  and  using  them  forms  an  important  part  of 
the  theory  of  the  dynamo.  For  many  practical  purposes  no 
other  method  is  half  so  useful. 

The  characteristic  curve  stands  indeed  to  the  dynamo  in  a 
relation  very  similar  to  that  in  which  the  indicator  diagram 
stands  to  the  steam-engine.  As  the  mechanical  engineer,  by 
looking  at  the  indicator  diagram  of  a  steam-engine,  can  at  once 
form  an  idea  of  the  qualities  of  the  engine,  so  the  electrical 
engineer,  by  looking  at  the  characteristic  of  the  dynamo  can 
judge  of  the  qualities  and  performance  of  the  dynamo.  The 
comparison  may  even  be  said  to  reach  farther  than  this. 

The  steam-engine  indicator  diagram  serves  two  purposes 
which,  though  not  unconnected  with  one  another,  are  yet 
distinct  When  the  scale  on  which  the  diagram  is  drawn  is 
known,  it  gives  direct  information  as  to  the  horse-power  at 
which  the  engine  is  working,  depending  on  the  total  area 
enclosed  by  the  curve,  and  quite  irrespective  of  its  form. 
But  even  though  the  actual  scale  be  not  known,  the  details  of 
the  form  of  the  curve  at  its  various  points  give  very  definite 
information  to  the  engineer  as  to  the  working  of  the  engine, 
the  perfection  of  the  exhaust,  the  setting  of  the  valves,  the 
efficiency  of  the  cut-off,  and  the  adequacy  of  the  supply  pipes 
and  port-holes  of  the  valves. 

So  also  the  characteristic  curve  of  the  dynamo  may  serve 
two  functions.     When  the  scale  on  which  it  is  drawn  is  known 
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tells  the  horse-power  at  which  the  dynamo  works ;  i 
n  indicate  at  what  horse-power  the  dynamo  may  be  wor 
the  greatest  profit  But  even  though  the  actual  scale 
t  known,  the  details  of  the  form  of  the  curve  afford  defii 
formation  as  to  the  conditions  of  the  working  of  the  machi 
e  degree  of  saturation  of  its  magnets,  the  sufficiency  of 
Id-magnets  in  proportion  to  the  armature,  and  the  goodi 
the  design  in  several  respects. 


Fio.  153. 
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The  suggestion  to  represent  the  properties  of  a  dyn: 
achine  by  means  of  a  characteristic  curve  is  due  to 
opkinson,  who  in  1879  described  such  curves  to  the  IdsI 
in  of  Mechanical  Engineers,  and  gave  the  curve  of 
emens  dynamo  reproduced  in  Fig.  153.      The  name 


Characteristic  Curves. 


247 


"characteristic"  was  assigned  in  1881  by  M.  Marcel  Deprez^ 
to  Hopkinson's  curves ;  and  the  excellence  of  the  name  has 
been  attested  by  its  general  adoption. 

Dr.  Hopkinson's  object  was  to  represent  the  relation  sub- 
sisting between  the  electromotive-force  and  the  current ;  he 
therefore  constructed  from  observations  a  curve  in  which  the 
abscissae  measured  horizontally  represent  the  number  of 
amperes  of  current  flowing,  and  the  vertical  ordinates  the 
corresponding  values  of  the  electromotive-force.  The  fol- 
lowing table  (taken  with  some  trifling  modifications  from 
Dr.  Hopkinson's  paper  in  the  Proceedings  of  the  Institution 
of  Mechanical  Engineers^  1879,  p.  249)  gives  the  observed 
values  of  i  the  strength  of  the  current,  and  E  the  electro- 
motive-force, of  a  certain  series-wound  dynamo. 


EXFEUMENTS  ON  SIEMENS  DYNAMO  AT  SPEED  OF   72O  REVOLUTIONS 

PER  Minute. 


Current 
(in  amperes). 

t 

Resistance 

(in  ohms). 

R 

Electromotive  Force 
(in  volts). 

E 

0*0027 

1 

1025 

2'72 

0-48 

8-3 

3'9S 

1-45 

5*33 

773 

i6-8 

4' 07 

68-4 

l8'2 

3-88 

70-6 

24-8 

3-205 

795 

26-8 

3  025 

8i'i 

32*2 

2*62 

84-4 

34-5 

2-43 

838 

371 

2*28 

84-6 

42*0 

2*08 

87-4 

It  may  be  remarked  that  the  electromotive-force  E  is  the 
total  electromotive-force  generated  in  the  machine,  and  must 
not  be  confounded  with  e  the  difference  of  potential  between 

'  ^vit  La  Lumiire  EUetrique,  Dec.  3,  1881 ;  where,  however,  Deprez  gives  a 
method  of  observatioii  that  is  open  to  the  objection  that  it  neglects  the  armature 
reactions. 
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the  terminals  as  measured  by  a  voltmeter,  or  other  sin 
instrument  In  many  cases  we  now  prefer  to  plot  e  inst 
of  E ;  but  that  was  not  Hopkinson's  original  method, 
determined  E  by  measuring  i  and  multiplying  it  by  the  t 
resistance  of  the  circuit  ;  for  by  Ohm's  law  *R  =  E. 
should  also  be  remarked  that  the  dynamo  was  a  "  se 
dynamo,"  shunt-wound  machines  not  having  at  that  < 
cogie  into  vogue. 

Before  entering  into  other  points,  it  may  be  worth  w 
to  consider  the  meaning  of  the  curve.  It  begins  at  a  poii 
little  above  the  origin.  This  shows  that  there  was  a  st 
amount  of  residual  magnetism  remaining  permanently  in 
field-magnets.  The  curve  ascends  at  iirst  at  a  steep  angle,  t 
curves  round  and  eventually  assumes  a  nearly  straight  cou 
but  at  a  gentler  slope  than  before.  Whence  arise  these  typ 
forms  ?  It  is  known  that  the  electromotive-force  of  a  dyn: 
depends  not  only  on  the  speed  of  running  and  on  the  numb* 
coils  of  wire  in  the  armature,  but  also  on  the  intensity  of 
magnetic  field.  Now  if  the  speed  is  constant — it  was  m 
tained  at  720  revolutions  per  minute  in  Hopkinson's  exp 
ments — the  only  variable  of  importance  is  the  intensity  of 
magnetic  field.  As  the  m;^etism  of  the  field-magnets  r 
and  grows  toward  its  maximum,  the  intensity  of  the  field  : 
rises  and  grows  toward  a  maximum,  and  so  does  the  indu 
electromotive-force.  We  might  therefore  expect,  as  Hopkin 
points  out,  that  the  curve  which  represents  the  relation  betw 
the  current  and  the  cJectromotive-force  of  the  series-wo 
dynamo  should  exhibit  peculiarities  of  form  similar  to  tl 
of  the  curve  which  represents  the  relation  between 
magnetizing  current  and  the  magnetization  of  an  elec 
magnet ;  and  a  comparison  of  Fig.  153,  the  "characterist 
of  the  dynamo,  with  Fig.  92,  the  "  magnetization  curve  "  01 
electromagnet,  will  suffice  to  reveal  the  analogy.  It  m 
however,  be  pointed  out  that  the  intensity  of  the  field  t 
not  depend  only  on  the  strength  of  the  field-magnet,  bi 
affected  by  the  current  that  is  circulating  is  the  arma 
coils  in  consequence  of  the  reaction  between'  the  fi 
magnets  and  armature.     Moreover,  certain  prejudicial  efT 


Characteristic  Curves.  249 

arising  from  self-induction  in  the  armature  coils  come  into 
play  with  high  speeds  and  strong  currents,  and  prevent  the 
electromotive-force  from  being  proportional  to  the  strength 
of  the  field.  Hopkinson's  statement  that  the  characteristic  of 
the  dynamo  may  also  be  taken  to  represent  the  magnetization 
of  the  field-magnet,  cannot  therefore  be  accepted  except  with 
the  reservation  that  it  is  true  only  when  these  reactions  are 
negligibly  small,  which  is  seldom  the  case. 

It  is  possible  for  a  d)mamo  to  be  made  to  draw  its  own 
characteristic  by  mechanically  moving  the  pencil  relatively 
to  the  paper  (as  in  steam  indicators)  by  means  of  two  electro- 
magnets, one  of  them  being  excited  by  the  main  current,  the 
other  being  connected  as  a  shunt  to  the  terminals  of  the 
machine. 

Dr.  Hopkinson,  in  the  paper  alluded  to,  and  in  a  second  one 
published  in  the  Froc.  Inst  Mcch.  Engin^  in  April  1880,  p.  206, 
pointed  out  a  great  many  of  the  useful  deductions  to  be  drawn  from 
a  consideration  of  these  curves.  Some  other  deductions  have  been 
made  by  M.  Marcel  Deprez,  for  which  the  reader  is  referred  to 

La  Lumiire  EUdrique^  of  Jan.  5th,  1884.  Dr.  Frolich  has  also 
published  several  important  papers  on  the  subject  in  the  Elektrotech- 
rduhe  Zdtschrift  for  1881  and  1885.  Dr.  Hopkinson  has  returned 
to  the  subject  in  a  lecture  before  the  Institution  of  Civil  Engineers, 
"  On  Some  Points  in  Electric  Lighting,"  April  1882. 

Horse-power  Characteristics. 

As  mentioned  at  the  beginning  of  this  chapter,  if  the 
characteristic  curves  are  drawn  to  scale  the  activity  of  the 
dynamo  may  be  read  off  from  them  in  horse-power.  The 
product  of  the  current  into  the  potential  is  proportional  to  the 
rate  at  which  the  electric  enei^  is  being  evolved.'  The  pro- 
duct of  one  volt  of  potential  into  one  ampere  of  current  is 
sometimes  called  one  volt-ampere,  and  has  also  been  called  by 
the  special  name  of  one  watt  One  watt  or  volt-ampere  is 
equal  to  j^  of  a  horse-power.  To  calculate  the  horse-power 
(electrical)  evolved  in  the  circuit  when  the  dynamo  is  running 
at  any  particular  speed,  with  a  particular  number  of  lamps  in 
circuit,  two  measurements  have  ordinarily  to  be  made — the 
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volts  of  electromotive-force  and  the  amperes  of  curr 
These  must  then  be  multiplied  together  and  divided  by 
to  obtain  the  horse-power.  But  if  the  characteristic  of 
djTiamo  at  the  particular  speed  be  known,  a  reference  to 
curve  will  show  at  once  what  the  electromotive-force  is  : 
corresponds  to  any  particular  current.  For  example,  in 
Siemens  dynamo  examined  by  Hopkinson,  the  character] 
of  which  is  given  in  Fig.  153,  p,  246,  suppose  the  dynamo 
working  through  such  a  resistance  as  to  give  30  amp 
when  running  at  720  revolutions,  we  see  at  once  that 
corresponding  electromotive-force  is  83.     Hence 

83  X  30  , 

-= — ^  =  3  ■  3  horse-power. 
740 

Now  to  obviate  such  calculations  we  may  plot  out  on 
diagram  some  additional  curves  crossing  the  characterij 
and  mapping  them  out  into  equal  values  of  horse-po' 
These  "  horse-power  lines  "  are  nothing,  else  than  a  set  of  r 
angular  hyperbolas.  For  example,  the  i-horse-power 
will  pass  through  all  the  points  for  which  the  product  of  v 
and  amperes  is  equal  to  746.  It  will  therefore  pass  thro 
the  point  corresponding  to  74 '6  volts  and  10  ampei 
through  37-3  volts  and  20  amperes ;  through  14'92  volts 
50  amperes,  &c.,  because  the  products  in  each  of  those  c 
is  equal  to  746  watts  or  i  horse-power.  The  2-horse-po 
line  will  pass  through  points  whose  product  values  are  e< 
to  746  X  2,  and  the  other  lines  in  the  same  way.  Fig. 
shows  the  characteristic  of  the  Siemens  machine,  reprodii 
from  Fig.  1 53  above,  but  with  the  horse-power  lines  addetJ 

In  this  case  the  volts  plotted  are  the  total  elec 
motive-force  "  E,"  of  the  dynamo,  and  therefore  the  ho 
power  represents  the  total  electric  energy  converted 
second  in  the  circuit  of  the  dynamo.  If  instead  of  E  we 
plotted  the  values  of  "e"  the  difference  of  potentials 
tween  the  terminals,  we  should  have  had  a  slightly  diffei 
curve,  representing  the  amount  of  electric  enei^  appeal 
per  second  in  the  external  circuit  and  available  for'  us 
purposes. 
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A  horse-power  characteristic  of  a  shunt-wound  dynamo  is 
given  further  on,  in  Fig.  162. 

If  the  vertical  and  horizontal  scales  are  not  chosen  equal, 
the  horse-power  lines,  though  hyperbolae,  are  of  course  dis- 
torted 


tflp 


Fig.  154. 
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AMPERES 

Chakactbustic  with  Horse-power  Lines. 


'^External**  Characteristics  or  Terminal  Potential  Curves, 

For  many  purposes  it  is  more  useful  to  know  the  relation 
between  the  current  and  the  "  external "  difference  of  potential 
at  the  terminals  than  to  know  the  relation  between  the  current 
and  the  whole  electromotive-force  induce^jn  the  armature; 
and  it  is  mostly  easier  to  measure  e  than  to  measure  E, 
seeing  that  while  the  former  can  be  directly  measured  with  a 
voltmeter,  the  latter  can  only  be  got  at  indirectly.    The  name 
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exterttal  characteristic  may  be  given  for  the  sake  of  distinc 
to  those  curves  which  exhibit  the  relation  between  the  po 
tials  and  the  currents  of  the  external  circuit  In  the  st 
dynamo  it  is  a  simple  matter  to  derive  one  of  these  cu 
from  the  other,  provided  the  internal  resistance  of  the  macl 
(armature  and  field  magnets)  is  known.  In  the  Sienr 
dynamo  examined  by  Hopkinson  in  1879,  and  of  which  f 
153  and  154  give  the  total  characteristic,  the  total  inte 
resistance  was  0'6  ohm.  The  curve  is  reproduced  for  a  tl 
time  in  Fig.  155,  where  it  is  marked  "E."  Now  to  fort 
current  of  10  amperes  through  a  resistance  of  o '6  of  an  t 
would  require  a  difference  of  potential  of  6  volts  betweei 
terminals.  Looking  at  the  curve,  we  see  that  the  wl 
electromotive-force,  corresponding  to  10  amperes,  was  at 
46*5  volts.  Of  this  number,  6  were  employed,  as  mentioi 
in  overcoming  the  internal  resistance,  leaving  40-5  volt! 
the  available  potential  between  terminals.  Further,  when 
current  was  running  at  50  amperes,  there  must  have  been 
less  than  30  volts  lost  in  overcoming  the  internal  resistanc 
0'6  ohm  ;  and  as  the  value  of  E  for  this  current  is  9 
volts,  there  remain  60*5  volts  for  e.  There  are  now  two  w 
open  to  us  of  representing  these  matters  on  our  diagr 
They  are  both  shown  in  Fig.  1 5  5.  The  line  J  is  drawn  thro 
the  origin,  and  through  the  values  of  6  volts  for  10  amp< 
and  30  volts  for  50  amperes.  (The  tangent  of  the  slope  of 
line  J  is  equal  to  6  -i-  10  =  0'6.  We  shall  see  later  that 
slope  represents  the  internal  resistance.)  Then  if  the  hei| 
of  the  ordinates  from  the  base  line  up  to  the  line  E  reprei 
total  volts  induced,  and  if  the  heights  of  the  ordinates  fi 
the  base  line  up  to  the  line  J  represent  the  corresponding  v 
lost  in  overcoming  internal  resistance,  it  follows  that  the , 
ference  of  potentials  at  the  terminals  will  be  represented  by 
differences  of  the  ordinates  between  the  lines  J  and  E.  Thi 
the  first  way  of  representing  those  differences  of  potenti 
The  second  way  is  to  cut  off  from  the  tops  of  the  ordin: 
portions  equal  to  those  of  the  line  J.  This  amounts  to  s 
tracting  the  internal  volts,  which  as  shown  in  the  algeb: 
theory  are  equal  to  i  (r.  +  r«),  from  E,  and  so  obtaining 
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values  of  e.  These  are  plotted  out  in  the  curve  marked  "  ^"  in 
the  figure ;  and  as  this  curve  represents  the  available  electro- 
motive-force in  the  extemdl  circuit,  it  obtains  the  name  of 
external  characteristic  or   terminal  potential  curve.      As  a 

Fig.  155. 
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Total  and  External  Characteristics. 


matter  of  fact  it  is  more  usual  to  reverse  the  operation.  The 
terminal  potential  values  are  easily  observed  with  a  voltmeter 
and  the  current  with  an  ampere-meter.  Then  the  external 
curve  for  e  and  i  is  plotted  ;  and  by  culding  to  the  ordinates 
the  corresponding  values  of  the  lost  volts,  and  so  obtaining 
the  curve  for  E  and  /.  If  there  is  permanent  magnetism  in 
the  magnets,  the  characteristics  will  not  start  from  the  origin^ 
but  from  a  point  a  little  above  it. 
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Ckaracterisiks  of  Series  Dynatno. 

The  Siemens  dynamo  of  which  the  characteristic  is  | 
in  Fig.  153  was  a  series  dynamo.  For  the  sake  of  compa 
the  characteristic  is  given  in  Fig.  156,  of  an"A"Gra 
machine  also  series-wound.  This  machine  had,  when  it 
measured  by  M.  Marcel  Deprez,  0*41  ohm  resistance  ir 
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Characteristic  at  Different  Speeds. 

armature  coils  and  0'6i  ohm  in  the  coils  of  the  field-ma§ 
Two  characteristics  are  given ;  one  corresponding  to  a  s 
of  1440,  the  other  to  a  speed  of  950  revolutions  per  mi 
The  horse-power  lines  are  show  in  dot  also.  The  figure 
given  in  the  following  table. 
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Experiments  on  Gramme  Series-wound  Dynamo. 


Current 
(in  amperes). 

Electromotive  Force  (in  volts). 

Speed  Z440. 

Speed  950. 

5 

72 

45 

10 

107 

70 

15 

122 

77 

20 

127 

79 

25 

129 

79 

30 

128 

79 

35 

128 

79 

40 

127 

78 

.     45 

125 

76 

50 

123 

74 

55 

120 

72 

60 

116 

— 

65 

1 10 

— 

70 

lOI 

^^" 

In  the  series  dynamo  the  magnetization  of  the  magnets 
increases  with  the  current,  and  therefore,  at  first,  the  electro- 
motive-force increases  also,  giving  the  first  straight  portion  of 
the  curve.  As  the  magnets  approach  saturation  the  curve 
turns,  and,  as  the  reactions  due  to  the  current  in  the  armature 
now  become  of  relatively  great  importance,  flattens  itself  and 
ultimately  turns  down  again. 

One  circumstance  that  contributes  to  the  diminution  of  the 
electromotive-force  when  large  currents  are  passing  through 
the  armature,  is  that  if  the  field-magnets  are  relatively  not 
powerful,  the  cross-magnetizing  effect  of  the  armature  current 
causes  a  great  displacement  of  the  neutral  point,  and  obliges 
a  considerable  lead  being  given  to  the  brushes,  with  the  result 
that  the  demagnetizing  effect  of  the  armature  on  the  field- 
magnets  (p.  89)  becomes  greatly  increased.  The  dip  in  the 
characteristic  is  always  greater  in  the  case  of  weak  field- 
magnets.  It  also  occurs  most  in  those  machines  in  which  the 
core  of  the  armature  is  more  nearly  saturated  than  the  cores 
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of  the  field-magnets ;  for  when  with  lai^e  currents  the  ar 
ture  cores  get  saturated,  the  magnetic  leakage  from  the  p 
pieces  becomes  relatively  greater. 

One  more  curve  of  a  series-wound,  dynamo  is  givei 
Fig.  157.  This  is  a  small  Brush  machine  (intended  to  su] 
a  single  arc  light)  of  the  old  pattern,  with  solid  iron  rinj 
which,  owing  to  the  peculiar  arrangement  of  the  coils 
p.  458),  the  reactions  of  the  armature  make  themselves  kn 
by  a  very  extraordii 
Ffo-  157-  down-bending  of  the  cha 

teristic.  This  is  partly 
to  the  arrangements 
cutting  out  a  pair  of  < 
as  they  approach  the  nei 
point.  It  will  be  not 
that  the  maximum  he 
power  of  this  small  mac! 
is  1}  horse;  and  that 
value  is  only  obtained  w 
the  reactions  have  alread) 
in.  The  remarkable  dim 
tion  in  the  electromol 
force  which  takes  place  v 
the  machine  is  so  tre: 
as  to  demand  from  it  an 
put  which  it  was  never 
tended  to  give,  is  in  pra< 
a  real  advantage.  Should  the  machine  be  accidentally  sb 
circuited  while  running,  the  reactions  of  the  armature 
vent  the  production  of  an  injuriously  lai^e  current,  w! 
might  overheat  the  coils.  It  is  considered  an  advani 
in  machines  for  arc-lighting,  where  a  nearly  constant  cur 
is  required,  to  employ  machines  with  drooping  characteris 
and  to  work  them  at  this  part  of  the  curve. 

Relation  of  Characteristic  to  Speed, 
We  know  that    the  electromotive-force   generated   \ 
rotating  coil  or  armature  would  be  strictly  proportiona 
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the  intensity  of  the  magnetic  field,  were  it  not  for  the  reactions 
of  the  current  in  the  armature.  Now  in  a  series  dynamo,  the  <:: 
intensity  of  the  field  depends  on  the  strength  of  the  current ; 
and,  if  the  current  is  kept  constant  (by  adjusting  the  resist- 
ances), the  intensity  of  the  magnetic  field  will  also  be  constant 
even  though  the  speed  of  the  armature  be  varied.  •  If  there- 
fore the  characteristic  of  a  machine  be  known  at  any  speed, 
its  characteristic  for  any  other  speed  can  be  found  by  the  very 
simple  process  of  increasing  the  ordinates  of  the  curve  in  a 
similar  proportion.  Take,  for  example,  the  case  of  the 
Gramme  dynamo,  of  which  a  characteristic  at  the  speed  of 
950  revolutions  is  given  in  Fig.  156.  The  characteristic  at  1440 
could  be  calculated  from  it  by  increasing  the  ordinates  in  the 

proportion  of  .     Thus  we  see  from  the  lower  curve  that 

^  ^  950 

when  the  current  was  20  amperes  the  electromotive-force  was 
79  volts.  Then  79  x  1440  -r-  950  =  1 19-7  volts.  The  actual 
electromotive-force  observed  at  the  speed  of  1440  and  with 
current  at  20  amperes  was  127  volts.  There  is  a  slight  discre- 
pancy here,  and  indeed  always  ;  for  dynamo  machines  behave 
invariably  as  if  a  certain  niynber  of  the  revolutions  did  not 
count  electrically.  If  the  number  of  "  dead  turns  "  (see  p.  226) 
were  here  reckoned  as  140,  the  number  of  volts  calculated 
by  theoiy  would  agree  very  exactly  with  that  observed. 

Resistance  in  the  Characteristic. 

In  the  characteristic  we  have  volts  plotted  vertically  and 
amperes  horizontally.  Now  by  Ohm's  law,  volts  divided  by 
amperes  give  ohms.  How  can  this  be  represented  in  the 
characteristic  ?  Suppose,  for  example,  it  is  required  to  repre- 
sent the  resistance  of  the  circuit  corresponding  to  some 
particular  current.  Let  Fig.  158  be  the  characteristic  of 
the  dynamo  in  question,  and  it  is  desired  to  know  what  is 
the  resistance  corresponding  to  the  state  of  things  at  the 
point  marked  P.  Draw  the  vertical  ordinate  P  M,  and  join 
P  to  the  origin  O.  The  line  P  O  has  a  certain  slope,  and  the 
angle  of  its  slope  is  P  O  M.    Now  P  M  is  equal  to  the  electro- 
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motive-force'  under  consideration,  and  O  M  is  the  ci 

Therefore,  by  Ohm's  law, 

electromotive-force      P  M 
Resistance  = -^^^^^^ =  q-^  ; 

but 


PM 
OM  ■ 


=  tan  P  O  M  ; 


therefore  the  resistance  =  tan  P  O  M.  Put  into  word: 
is  : — The  resistance  corresponding  to  any  point  on  the  c. 
teristic  is  represented  i 
characteristic  by  the  t* 
metrical  tangent  of  the 
made  by  joining  the  point 
origin.  An  easy  wt 
reckoning  these  tangei 
shown  in  Fig.  158.  A 
point  on  the  horizonta 
corresponding  to  10  an 
erect  a  vertical  line,  j 
dr^wn  from  the  origin 
angle  whose  tangent  i 
(namely  45°)  would  crof 
vertical  line  at  a  point 
site  the  ro-volt  mark, 
point  may  then  be  ca 
ohm,  and  equal  distance 
sured  off  on  this  line  will  constitute  it  a  scale  of  resis 
In  Fig.  158  the  resistance  corresponding  to  point  P 
characteristic  is  seen  to  be  about  i  •  2  ohm  on  the  si 
resistances.  Now  P  is  placed  at  51*3  volts,  and  the  ( 
is  43*2  amperes.  Dividing  one  by  the  other,  we  ge 
ohm.  Such  calculations  are  then  obviated  by  the  g 
construction. 

If  in  the  actual  dynamo  the  resistance  of  the  circu 
gradually  increased,  we  should  have  the  point  P  dis 
along  the  curve  backwards  towards  the  origin,  the  vo 
amperes  both  falling  otf,  and  the  steepness  of  the  lir 
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inaeasing.  When  O  P  arrived  at  a  certain  steepness  it 
would  practically  form  a  tangent  to  that  part  of  the  charac- 
teristic which  is  nearly  straight,  and  then  any  very  small 
increase  in  the  resistance  would  cause  the  dynamo  to  lose  its 
magnetism,  from  lack  of  current  to  magnetize  the  magnets. 
The  resistance  may  be  similarly  represented  on  the  charac- 
teristics of  shunt  dynamos  (see  Fig.  162 ) ;  but  in  this  case  if 
the  characteristic  is  drawn  for  the  external  current  and 
the  external  difference  of  potential,  then  the  resistance  so 
represented  will  be  the  external  resistance. 


Fig.  159. 


Relation  of  Characteristic  to  Winding  of 
Armature  and  Field-magnets. 

Suppose  the  armature  of  a  machine  to  be  re-wound  with 
a  lai^er  number  of  turns  of  proportionally  thinner  wire.  What 
will  be  the  result  when  rotated  at  the  same  speed  as  before  ? 
The  resistance  will  be  increased  somewhat,  and  the  electro- 
motive-force also  will  be  higher.  Let  Fig.  159  represent  the 
characteristic  of  the  machine  as  it 
was  when  there  were  X  turns  of 
wire  on  the  armature.  How  must 
it  be  drawn  when  the  number  is 
increased  to  X'?  Let  P  represent 
a  point  corresponding  to  a  certain 
strength  of  current.  Taking  the 
new  armature,  let  the  resistance  be 
varied  until  the  current  once  more 
comes  to  the  same  value.  The 
magnets  are  now  magnetized  ex- 
actly as  strongly  as  before ;  but 
there  are  X'  turns  of  wire  cutting 
the  lines  of  magnetic  force  instead 
of  X.  The  electromotive-force  will 
therefore    also   be    greater    in   the 

X' 
proportion  of  ^.    Draw  therefore  P'  C  so  as  to  have  the  pro- 


portion  F  C  :  P  C 


X'  :  X.    All  other  points  on  the  new 

S  2 
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characteristic   can   be   obtained   by   similarly   enlargir 
ordinates  in  the  same  ratio. 

It  will  be  evident  from  this  that  increasing  the  nun 
turns  of  wire  in  the  armature  has  the  same  effect  as  incr 
the  speed  of  driving.  This  shows  that  slow  speed  dy 
(as  required  for  use  on  ships,  &c)  may  be  made  to  gi 
requisite  electromotive-force  provided  the  number  of  ti 
wire  be  relatively  increased.  This  involves,  however,  a  ss 
of  economy,  because  of  the  increase  of  resistance 
armature. 

The  effect  of  altering  the  number  of  turns  of  wire  i 
field-magnets  can  also  be  traced  out  on  the  charact 
diagram.  Suppose  the  number  of  turns  in  the  magni 
coil  be  S,  and  that  we  re-wind  the  machine,  increasii 
number  to  S'  turns.  What  will  the  result  be  ?  In  thi 
Ave  shall  get  the  same  electromotive-force  when  driving 
same  speed  as  before,  provided  the  magnets  be  e 
magnetized.     But  if  the  current  goes  S'  times  round  ii 

s 

of  S  we  shall  want  a  current  only  ^,  as  strong  as  bef 

produce  the  same  magnetization.    To  get  the  new  c 

teristic  then  (see  Fig.  r6o) 

PE  horizontally.    PE  =  C 

the  current  corresponding  ti 

tromotive-force  E.      Find  I 

that   P'  E  :  P  E  :  :  S  :  S' 

the  new  characteristic  will 

through   P".     Similarly,  all 

points   of  the  new   charact 

may  be  determined  by  ret 

their  abscissx  in  a  simila 

"  ^  portion. 

It  must  be  noted  that  these  two  processes  are  not  < 

sible  for  the  characteristics  of  shunt-wound  machines. 

Critical  Current  of  Series  Dynamo. 

From  the  fact  that  the  characteristics  for  different  s 
differ  only  in  the  relative  scale  of  the  ordinates,  an  imp 
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Fig.  161. 


consequence  may  be  deduced.  The  first  part  of  every 
characteristic  for  any  speed  is  nearly  straight  up  to  a  point 
where  for  that  speed  the  electromotive-force  is  nearly  two- 
thirds  of  its  maximum  value.  When  the  current  is  such  that 
the  electromotive-force  has  attained  to  this  value,  any  very 
small  change  either  in  the  speed  of  the  engine  or  in  the 
resistance  of  the  circuit  produces  a  great  change  in  the 
dectromotive-force,  and  therefore  in  the  current;  therefore, 
since  this  critical  case  occurs  always  with  the  same  current 
(see  Fig.  161),  this  current — corresponding  to  the  point  on  all 
the  curves  where  the  straight  line 
begins  to  turn — may  be  called 
the  "critical  current"  of  the  dy- 
namo. Each  series  dynamo  has 
its  own  critical  current,  and  it  will 
not  work  well  with  a  less  one  ; 
for  a  less  one  will  not  adequately 
excite  the  field-magnets.  It  will 
further  be  seen  that  since  with 
each  speed  the  characteristic  rises 
\rith  a  corresponding  slope,  there 
will  be  one  particular  resistance  at 
each  value  of  the  speed  at  which 
the  critical  current  will  be  obtained, 
and  the  higher  the  speed  the 
higher  may  be  the  resistance. 
There  is  no  such  thing  as  a  critical  resistance  in  a  series 
d>iiamo :  for  whether  a  resistance  is  critical  or  not  depends 
upon  the  speed.  Neitlier  is  there  any  such  thing  per  se  as 
a  critical  speed  for  a  series  dynamo ;  for  whether  the  speed 
is  critical  or  not  depends  on  the  resistance  of  the  circuit. 


Characteristic  of  Shunt  Dynamo. 

For  the  shunt  dynamo  there  are  two  separate  characteris- 
tics ;  the  external  cltaracteristic,  in  which  the  quantities  plotted 
are  the  amperes  of  current  in  the  external  circuit  and  the  volts 
of  potential  between  terminals  ;  and  the  internal  characteristic 
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in  which  the  volts  and  amperes  of  the  shunt  circuit  are  p! 
The  internal  characteristic  of  the  shunt  dynamo  is 
similar  to  the  external  characteristic  of  a  series  dynami 
shows  the  saturation  of  the  field-magnets.  It  is  bet 
plot  it  with  ampere-turns  instead  of  amperes,  becaus 
magnetization  depends  on  the  number  of  turns  in  th 
as  well  as  the  amperes. 

The  external  characteristic  of  a  Siemens  shunt  dy 
(the  same  described  by  the  late  Sir  William  Sie 
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the  Royal  Society  in  1880,  and  by  Mr.  Alexander  Si 
in  the  yourii.  Soc.  Tekg.  Eng.,  March  1 880)  is  given  in  Fi 
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and  the  horse-power  lines  are  shown  dotted.  The  utmost  power 
of  this  machine  at  630  revolutions  was  just  under  2  horse- 
power with  a  current  of  30  amperes,  and  an  electromotive- 
force  of  47  •  5  volts. 

The  curve  of  the  shunt  dynamo  is  curiously  different 
from  that  of  the  series  dynamo.  It  begins  with  a  straight 
or  nearly  straight  portion,  which  turns  up  in  a  curve,  and 
eventually  returns  nearly  horizontally  to  the  axis  of  electro- 
motive-force. The  straight  portion  represents  the  unstable 
state  when  the  shunt  current  is  less  than  its  true  critical 
value.  The  critical  external  current,  if  it  can  be  so  called, 
is  that  current  for  which  the  shunt  begins  to  act  fully, 
and  in  Fig.  162  is  about  30  amperes.  From  this  point  the 
shunt  current  acts  with  great  power,  and  the  electromotive- 
force  here  rises  very  rapidly.  The  slope  of  the  line 
which  constitutes  the  first  portion  of  the  characteristic  re- 
presents the  resistance  which  for  the  particular  speed  may 
be  termed  the  critical  resistance,  and  in  this  case  is  about 
I  ohm.  If  the  resistance  of  the  external  circuit  becomes  in 
the  least  degree  altered,  the  electromotive-force  and  current 
will  alter  enormously.  Any  less  resistance  will  cause  the 
magnets  to  lose  their  magnetism  at  once.  Any  greater 
resistance  will  at  once  run  the  electromotive-force  up  above 
the  critical  value — in  this  case  about  30  or  31  volts.  If  the 
resistance  be  steadily  increased  (and  the  slope  of  the  line  from 
0  to  the  curve  be  increased  in  steepness)  the  electromotive-force 
will  go  on  steadily  augmenting,  and  become  a  maximum 
when  the  external  resistance  is  infinite,  that  is  to  say  when 
the  circuit  is  completely  opened  and  the  shunt  coils  receive 
the  whole  of  the  electromotive-force  of  the  armature.  Fig.  163 
depicts  the  characteristic  of  a  shunt-wound  Gramme  dynamo 
capable  of  giving  400  amperes.  In  this  case  the  curve  e  repre- 
sents the  external  characteristic,  from  which  the  curve  E  is 
calculated  by  adding  to  the  ordinates  portions  equal  to  f.  i^. 
As  the  conductors  of  the  armature  could  not  safely  carry  more 
than  400  amperes,  the  dotted  portion  of  the  curve  represents 
results  not  actually  observed.  It  is  instructive  to  contrast  the 
characteristic  of  the  shunt  dynamo  with  that  of  the  series 
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dynamo  (Fig.  153).  In  the  series  dynamo  also,  the  first 
oT  the  characteristic  is  a  sloping  line,  and  the  tangent  of 
angle  of  its  slope  is  also  the  critical  resistance  for  the  g 
speed.  But  the  series  dynamo  will  only  work  if  the  resist; 
of  the  external  circuit  is  less  than  the  critical  value,  and 
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shunt  dynamo  will  only  work  if  the  external  resistant 
greater  than  the  critical  value  The  contrast  is  even  b< 
shown  by  drawing  a  couple  of  curves  in  the  two  cases- 
characteristics — showing  the  relation  between  the  potenti: 
terminals  and  the  resistances  of  the  external  circuit     Fig. 


Fig.  164. 


Fig.  165. 


shows  this  for  a  series  machine,  and  Fig.  165  for  a  s. 
machin^.  The  electromotive-force  of  the  one  drops  sudd 
when  the  resistance  exceeds  2  ohms ;  that  of  the  other  : 
suddenly  when  the  resistance  attains  i  ohm. 
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In  the  shunt  dynamo  the  characteristic  for  a  double  speed 
cannot  be  obtained  as  in  a  series  dynamo  by  doubling  the 
heights  of  the  ordinates.  For  even  if  at  a  double  speed  we 
adjust  the  external  resistances  so  that  the  external  current 
is  the  same  as  before,  we  do  not  get  a  double  electromotive- 
force  because  we  do  not  get  the  same  current  as  before  round 
the  shunt-magnet  circuit.  And  if,  on  the  other  hand,  we 
adjust  resistances  so  that  we  get  the  same  shunt  current  as 
before,  and  therefore  a  double  electromotive-force,  we  do  not 
get  the  same  external  current  as  before.  If,  however,  we  alter 
the  external  resistance,  taking  a  larger  current  externally, 
so  as  to  reduce  the  shunt  current  to  its  former  value,  the 
magnetization  will  remain  as  before.  In  that  case  the  double 
speed  will  produce  very  nearly  a  double  electromotive-force  ; 
but  the  shunt  potential  may  remain 
as  before,  the  external  current  being 
nearly  doubled.  This  is  shown  in 
Fig.  166,  where  e  a  represents  the 
external  current  in  the  first  case, 
and  e  K  the  external  current  in  the 
second.  O  A  remains  a  straight  line, 
but  at  this  higher  speed  the  slope  is 
less.  From  this  latter  circumstance 
it  may  be  foreseen  that  at  higher 
speeds  the  resistance  may  be  reduced 
to  a  lower   value   before  the   critical 

state  is  reached  at  which  the  machine  "  unbuilds  "  itself,  i.  e, 
discharges  the  magnetism  from  its  field-magnets. 


Fig.  166. 


Curve  of  Total  Current  in  Armature. 

In  the  shunt  dynamo  the  current  in  the  armature  is  equal 
to  the  sum  of  the  currents  in  the  external  circuit  and  in  the 
shunt  circuit ;  or 

ia  =  /+  i,»  V 

A  curve  showing  the  relation  between  i  and  e  is  easily 
obtained.     In  Fig.  167  let  the  curve  O  m  i  he  the  "external 
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characteristic  "  at  the  given  speed.  Take  any  point  on  it 
at  that  point  the  potential  between  terminals  in  volt 
measured  by  the  length  ol  mx  ox  O  e,  and  the  curren 
amperes  is  measured  by  the  length  Ox  or  em.  ^Jow  ( 
the  line  j  O  at  such  an  angle  ^  O  ;r  that  its  tangent  is  equ; 
the  resistance  of  the  shunt  Then  e  s  represents  the  cm 
that  will  run  through  the  shunt  when  the  potential  is  O  ^  v 
Add  on  to  the  end  of  emu  piece  m  n  equal  to  es;  then 
whole  line  en  represents  the  armature  current  i,  when 
potential  has  the  value  Oe.  A  set  of  similar  points  ma 
found  giving  the  new  curve  Oni,  required. 


Fig.  167. 


Total  Characteristic  of  Shukt  Dynamo. 

If  the  total  electromotive-force  E  and  the  total  cui 
f.  be  plotted  out,  we  shall  obtain  the  characteristic  of 
total  electrical  activity  of  the  dynamo. 

Draw,  as  in  the  preceding  case,  the  curve  for  e  and  ».. 
p  be  any  point  on  the  curve  where  the  potential  is  pxoi 
and  the  current  ep  or  O  x.  Then  draw  a  line  O  J  at  sue 
angle  a  O  x  that  its  tangent  is  equal  to  the  resistanc 
the  armature.  Call  the  point  where  this  cuts  px,a.  1 
a  X  represents  the  number  of  volts  required  to  drive 
current  O  x  through  the  armature  resistance.     Add  a  j 
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qp  equal  to  a  X'  to  the  summit  of  the  line  /  x.  Then  the 
height  ^;r  represents  the  total  electromotive-force  E  when  the 
cunrent  i  has  the  value  represented  by  O  x. 


Fig.  169. 


Characteristic  of  Shunt  Dynamo,  with  Permanent 

Magnetism. 

If  there  is  residual  magnetism  in  the  field-magnets,  there 
will  be  an  electromotive-force  induced,  even  before  the  shunt 
circuit  is  closed.  In  this  case  the  characteristic  would  begin 
at  a  point  /,  a  short  distance  along  the  horizontal  axis.  In 
fact  the  machine  behaves  as  though  there  were  already  at 
work  some  small  electromotive-force  (not  to  be  plotted),  which 
had  the  effect  of  setting  up  already  a  current  through  the 
machine,  so  that  the  machine  excites  itself  up  with  currents 
that  are,  in  the  early  (and  unstable)  stages  of  the  magnetiza- 
tion, proportional  to  the  ampere-turns  going  round  the  shunt 
circuit,  plus  some  imaginary  am- 
pere-turns causing  the  permanent 
magnetism.  If  there  is  on  the 
field-magnet  a  second  coil,  by 
which  an  independent  magnetiza- 
tion can  be  introduced,  the  same 
kind  of  result  will  follow :  the 
characteristic  will  begin  at  some 
point,  such  as  V,  the  electromotive- 
force  due  to  the  ampere-turns  in 
the  shunt  being  plotted  out  above 
0  whilst  the  length  O  q  below 
represents  the  part  of  the  electro- 
motive-force due  to  the  ampere-turns  (real  or  imaginary)  of 
the  independent  magnetism  ;  and  O  V  represents  the  current 
which  the  machine  will  give  when  short  circuited. 

There  will,  in  fact,  be  four  curves  for  a  shunt  dynamo, 
namely,  those  in  which  the  quantities  plotted  out  are  re- 
spectively e  and  /,  e  and  i^  E  and  /,  E  and  4.  Of  these, 
the  first  is  the  external  cfiaracteristic,  and  the  fourth  the  total 
diaracteristic. 
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These  four  are  depicted  in  Fig.  170,  where  they  are  nar 
A,  B,  C,  and  D  respectively.  If  D  is  given,  A  can  be  obtu 
in  the  following  way : — Let  the  lines  O  J  and  O  Z  repre: 
respectively  by  their  slope  the  resistance  of  the  armature  i 
of  the  shunt  circuit  Then  curve  B  is  got  from  D  by  deduci 
from  the  ordinates  lengths  equal  to  the  portions  of  ordin: 


Fig.  170. 


Four  Curves  op  a  Suukt  Dynamo. 

intercepted  by  the  line  O  J,  and  curve  C  is  got  from  curvi 
by  deducting  from  the  abscissae  lengths  equal  to  the  pod 
of  the  abscissae  intercepted  by  the  line  O  Z,  Then  curvi 
is  got  by  taking  ordinates  from  B  and  abscissae  from  C  co 
spending  to  any  point  on  D. 

It  may  be  noticed  that  whilst  D  B  represents  the  lost  V' 
due  to  internal  resistance[of  armature,  C  D  represents  the 
amperes  which  go  round  the  field-magnets.  The  lower 
resistance  of  the  armature,  and  the  higher  the  resistance  of 
shunt,  the  less  will  these  losses  be.  In  fact,  with  a  well-b 
modem  machine  the  four  curves  lie  very  close  t<:^ther. 

If  the  curve  of  magnetization  of  the  machine  is  known  i 
sasy  to  determine  the  characteristic  by  a  geometrical  c 
struction.     The  curve  of  magnetization  0PM  will  show 
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relation  between  N  and  the  ampere-turns  in  the  shunt  coil, 
Z  i,  in  our  notation. 

Let  this  curve  be  set  out  to  the  left  of  the  vertical  axis, 
then  the  line  O  R  may  be  divided  out  either  in  a  scale  repre- 
senting ampere-turns  or  in  a  scale  representing  amperes,  Z 
divisions  of  the  former  scale  corresponding  to  one  of  the  latter 
scale.  The  vertical  scale  plotted  out  along  O  E  may  in  like 
manner  represent  either  N  or  E  ;  «  C  X  lO"^  being  the  ratio  of 
the  readings  of  the  scales.  Now  set  out  the  line  O  M,  making 
with  O  R  an  angle  such  that  the  tangent  of  its  slope  corre- 
sponds, in  the  units  chosen,  to  the  resistance  of  the  shunt- 
winding  ;  for  example,  if  the  shunt-resistance  be  16,  the  line 
will  pass  through  a  point  the  ordinate  of  which  represents  16 
volts  and  the  abscissa  i  ampere.  Let  this  line  meet  the 
curve  of  magnetization  at  M.  If  we  consider  any  point  P 
on  the  curve,  its  ordinate  P  R  will  represent,  according  as  we 
please,  either  the  effective  magnetism  when  the  magnetizing 
current  is  O  R,  or  the  whole  number  of  volts  E  induced  in  the 
armature ;  and  the  part  of  the  ordinate  Q  R  will  represent  the 
difference  of  potential  e.  Clearly  then  P  Q  will  represent  E  -  ^ 
that  is  to  say,  the  volts  lost  in  the  armature,  which  are  equal 
to  r«  4.  Now  if  on  the  right  of  the  diagram  we  lay  out  a  line 
0  J  at  such  an  angle  that  the  tangent  of  its  slope  represents 
the  armature  resistance  f,,  then  if  V  be  taken  so  far  along  the 
horizontal  axis  that  V  U  =  P  Q,  the  length  O  V  will  represent 
I..  The  most  convenient  construction  is  to  project  points  P 
and  Q  across  to  E  and  ^,  and  from  e  draw  ^T,  parallel  to  O  U, 
meeting  E  T  in  T  ;  then  drop  a  perpendicular  from  T  giving 
the  points  /,  U,  and  V,  where  T  /  =  U  V.  T  will  be  a  point  on 
the  curve  connecting  E  and  /, ;  /a  point  on  the  curve  connect- 
ing e  and  4-  From  the  latter  curve  the  external  characteristic 
can  be  got  as  shown  on  p.  252.  Of  these  hyperbolic  curves  the 
lower  limb  which  returns  towards  O  represents  the  unstable 
portion  corresponding  to  the  lower  part  of  the  magnetic  curve. 
From  the  existence  in  the  curves  of  a  maximum  value  of  /„, 
where  the  curve  turns  round  on  the  extreme  right,  it  must  not 
be  inferred  that  the  machine  can  yield  this  maximum  current ; 
on  the  contrary,  the  maximum  currerit  that  the  machine  can 
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safely  give  depends  on  the  section  of  its  armature  wires,  and 
these  are — in  the  best  machines — not  intended  to  carry  the 
current  under  such  conditions.  The  working  part  of  the  curve 
is  usually  the  top  part  (Fig.  171),  and  it  will  be  obvious  from 
the  construction  that  the  smaller  the  internal  resistance,  the 

Fig.  171. 


farther  will  the  curve  extend  to  the  right  and  the  more  nearly 
horizontal  will  the  tops  of  both  curves  be  ;  a  good  shunt 
dynamo,  with  very  little  internal  resistance,  being  nearly  self- 
regulating  for  constant  potential. 

If  there  be  no  initial  or  residual  magnetization,  the  curves 
will  both  pass  through  O ;  but  neither  of  them  will  do  so  if 

Fig.  172. 


there  is  initial  or  residual  magnetization.  In  that  case  the 
curve  of  magnetization  will  commence  above  O  at  some  point 
such  as  K,  Fig.  172,  and  the  lower  ends  of  the  two  curves  for 
E  and  e  will  end  at  points  so  far  to  the  right  that  the  width 
U  V  =  K  O.     With  almost  every  shunt  dynamo  it  is  found 
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that  if  descending  values  of  e  are  taken  (at  any  gfiving  speed) 
t  becomes  zero,  whilst  i  has  still  a  definite  value. 

It  will  also  be  noticed  that  the  limiting  value  of  E  depends 
on  the  slope  of  M  O,  that  is  to  say,  on  the  resistance  per  turn 
of  the  shunt  coil ;  any  diminution  of  the  resistance  per  turn 
will  raise  £  by  forcing  up  to  a  higher  degree  the  magnetization 
corresponding  to  a  given  value  of  e. 

Contrast  between  Series  Dynamo  and  Shunt 

Dynamo. 

The  difference  between  series  dynamos  and  shunt  dynamos 
in  their  behaviour  when  the  resistance  of  the  current  is  increased 
or  decreased,  has  already  been  touched  upon  in  p.  263.  In 
electric  lighting,  dynamos  are  usually  required  either  {a)  to 
supply  glow-lamps  arranged  in  parallel,  in  which  case  the 
d3mamos  must  maintain  a  constant  potential  at  the  mains,  or 
else  (i)  to  supply  arc-lamps  arranged  in  series,  in  which  case 
the  dynamo  is  required  to  yield  a  constant  current.  In  the 
case  where  the  potential  is  to  be  constant,  the  current  will  vary 
with  the  number  of  lamps  in  parallel ;  in  the  second  case, 
where  the  current  is  to  be  constant,  the  electromotive-force 
must  vary  as  the  number  of  lamps  in  series. 

To  understand  the  applicability  of  series  or  shunt  dynamos 
to  either  of  these  tasks,  it  will  be  convenient  to  construct  (either 
from  experiment  or  from  theory)  comparative  curves.  In  the 
case  of  parallel  distribution,  every  additional  lamp  switched  on 
across  the  mains  adds  to  the  conductance  of  the  circuit  an 
amount  equal  to  its  own  conductance  {i,e,  equal  to  the 
reciprocal  of  its  own  resistance).     It  is  therefore  expedient  to 

plot  out  together  the  values  of  e  and  of  ~.     This  has  been 

done  in  Fig.  173  for  two  dynamos,  for  each  of  which  the 
maximum  value  of  e  was  the  same.  It  will  be  seen  that  for 
neither  a  series  nor  for  a  shunt  machine  does  the  value  of  e 
remain  constant  as  the  number  of  lamps  across  the  mains  is 
increased.  The  shunt  machine  gives  the  moi-e  nearly  constant 
potential,  but  falls  off  as  the  number  of  lamps  is  increased. 
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In  the  case  of  single-circuit  distribution  to  lamps  in  series, 
every  additional  lamp  adds  to  the  resistance  of  the  circuit,  and 
in  this  case  it  is  expedient  to  plot  out  together  the  values  of  i 
and  R.  Fig.  174  shows  the  result  for  the  two  kinds  of  machine. 


Fig.  173. 


Fig.  174. 


It  will  be  seen  that  neither  machine  gives  anything  like  a  con- 
stant current ;  but  for  the  shunt  machine  there  is  just  one  brief 
stage,  namely,  when  its  current  is  at  the  maximum,  where  the 
value  is  more  constant  than  anything  that  the  series  dynamo 
can  give.  The  dotted  part  of  the  curve  corresponds  to  the  case 
of  a  series  dynamo  so  designed  as  to  have  a  drooping  charac- 
teristic (like  Fig.  157,  p.  256),  which  gives  more  nearly  (with 
moderately  small  resistances)  a  constant  current  But  it  is 
abundantly  clear  that  something  more  than  a  simple  series  or 
simple  shunt  machine  is  requisite  to  give  a  real  self-regelating 
machine  for  either  purpose. 


Further  Use  of  Characteristics. 

The  following  examples  of  the  further  use  of  characteristics 
are  taken  from  Dr.  Hopkinson's  paper  in  the  Proc,  Inst.  Meclu 
Engineers  for  April  1880  : — 

To  Determine  Lowest  Possible  Speed  of  Dynamo  running  an 

Arc  Lamp. 

It  appears  that  with  the  ordinary  carbons,  and  at  ordinary  atmospheric 
pressure,  «&  steady  arc  can  exist  with  a  less  difference  of  potential  than 
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aboat  40  volts  ;  and  that  in  ordinary  work,  with  an  arc  about  \  inch  long, 
the  difference  of  potential  is  from  45  to  50  volts.  Assuming  the  former 
result  about  40  volts  for  the  difference  of  potential,  the  use  of  the  curve  of 
electromotive-forces  may  be  illustrated  by  determining  the  lowest  speed 
at  which  a  given  machine  can  run  and  yet  be  capable  of  producing  a 
short  arc  Taking  O  as  the  origin  of  co-ordinates  (Fig.  175),  set  off 
upon  the  axis  of  ordinates  the  distance  O  A  equal  to  20  volts  ;  draw  A  B 
to  intersect  at  B  the  n^ative  prolongation  of  the  axis  of  abscissae,  so  that 

O  A 

the  ratio  -q  p  may  represent  the  necessary  metallic  resistance  of  the 

circuit  Through  the  point  B  thus  obtained  draw  a  tangent  to  the  curve, 
touching  it  at  C,  and  cutting  O  A  in  D.    Then  the  speed  of  the  machine, 
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Fig.  176. 


corresponding  to  the  particular  curve  employed,  must  be  diminished  in 
the  ratio  7nr>r»  in  order  that  an  exceedingly  small  arc  may  be  just  possible. 

Us€  of  Characteristic  to  Explain  Instability  of  Arc  Light, 

The  curve  may  also  be  employed  to  put  into  a  somewhat  different  form 
the  explanation  given  by  Dr.  Siemens  at  the  Royal  Society  respecting  the 
occasional  instability  of  the  electric  light  as  produced  by  ordinary  dynamo- 
electric  machines.  The  operation  of  all  ordinary  regulators  is  to  part  the 
carbons  when  the  current  is  greater  than  a  certain  amount  and  to  close 
them  when  it  is  less  ;  initially  the  carbons  are  in  contact.  Through  the 
origin  O  (Fig.  176)  draw  the  straight  hne  O  A,  inclined  at  the  angle 
representing  the  resistances  of  the  circuit  other  than  the  arc,  and  meeting 
the  curve  at  A.  The  abscissa  of  the  point  A  represents,  the  current  which 
win  pass  if  the  lamp  be  prevented  from  operating.  Let  O  N  represent  the 
current  to  which  the  lamp  is  adjusted ;  then  if  the  abscissa  of  A  be  greater 
than  0  N,  the  carbons  will  part.  Through  N  draw  the  ordinate  B  N 
meeting  the  curve  in  the  point  B  ;  and  parallel  to  O  A  draw  a  tangent 
C  D,  touching  the  curve  at  D.  If  the  point  B  is  to  the  right  of  D,  or 
fanher  from  the  origin,  the  arc  will  persist ;  but  if  B  is  to  the  left  of  D, 
or  nearer  to  the  origin,  the  carbons  will  go  on  parting  till  the  current 
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suddenly  fails  and  the  light  goes  out.  If  B,  although  to  the  right  of  D,  is 
very  near  to  it,  a  very  small  reduction  in  the  speed  of  the  machine  will 
suffice  to  extinguish  the  light. 


•  Relation  of  Characteristic  to  Size  of  Machine, 

Suppose  that  a  certain  dynamo  of  a  given  construction  has  for  its 
characteristic  the  curve  Oa  (Fig.  177).  What  will  be  the  characteristic 
of  a  dynamo  built  of  precisely  the  same  type,  but  with  all  its  linear 
dimensions  doubled?  The  surfaces  will  be  four  times  as  great,  the 
volume  and  weight  eight  times  as  great.  There  will  be  the  same  nimiber 
of  turns  of  wire,  but  the  length  will  be  doubled  and  the  cross-section 
quadrupled,  and  therefore  the  internal  resistances  will  be  halved.    If  the 

Fig.  177. 


resistances  were  adjusted  so  as  to  give  the  same  current  as  before,  the 
new  machine  would  have  only  half  the  intensity  of  field  of  the  small  one. 
But  if  adjusted  to  give  the  same  intensity  of  field  as  before,  the  current 
will  be  doubled. 

Now  as  the  area  of  the  rotating  coils  is  increased  fourfold,  there  will 
be  four  times  as  many  lines  of  force  cut  (at  the  same  speed),  and  therefore 
the  electromotive-force  will  be  four  times  as  g^eat  But  we  only  wanted 
the  current  doubled.  That  is  to  say,  the  resistance  will  have  to  be 
doubled  if  the  field  is  to  be  of  same  intensity.  To  represent  this  state  of 
things,  take  the  point  a  on  the  characteristic  of  the  small  machine,  and 
draw  the  ordinate  am.  Draw  O  M,  double  Oniy  and  at  M  erect  an 
ordinate  A  M  four  times  the  length  of  a  m.  The  new  characteristic  will 
pass  through  A.  Also  the  resistance— the  slope  of  O  A — ^will  be  double 
that  of  O  a.  The  points  a  and  A  are  similar  points  with  respect  to  the 
saturation  of  the  iron  of  the  magnets ;  and  it  is  this  which  determines  the 
practical  limits  to  the  economic  working  of  a  dynamo  of  given  type  at 
^  given  speed.    Hence  we  see,  with  quadrupled  electromotive-force  and 
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doable  current,  the  electric  energy  evolved  per  second  will  be  eight 
times  as  great  as  with  the  smaller  machine  when  worked  up  to  an  equal 
saturation  limit*  These  points  may  be  compared  with  the  discussion  of 
the  relation  of  size  to  efficiency  on  p.  117. 

Application  of  Characteristics  to  Dynamos  used  in  Charging 

Accumulators, 

The  following  problem  is  of  great  practical  importance  '.^Suppose  a 
dynamo  is  used  for  charging  an  accumulator^  and  is  driven  at  a  given 
speedy  what  current  will  pass  through  it  ? 

Dr.  Hopkinson  has  given  a  solution  of  this  problem  for  the  case  of  a 
scries  dynamo.  Draw  the  total  characteristic  of  the  dynamo  (Fig.  178)  for 
the  given  speed.  Along  O  Y  set  off  O  £  to  represent  the  electromotive- 
force  of  the  accumulator,  and  through  £  draw  the  line  C  £  A,  making  an 
angle  with  O  X  such  that  its  tangent  represents  the  resistance  of  the 
whole  circuit,  including  the  accumulators.  This  line  will  cut  the  charac- 
terisdc  in  the  points  B  and  A ;  and,  if  the  characteristic  be  repeated  back- 
wards, in  C  also.  This  negative  branch  of  the  characteristic  is  simply  the 
characteristic  of  the  dynamo  when  the  current  through  it  is  reversed,  and 
its  electromotive-force  therefore  also  inverted.  Then  O  L  represents  the 
actual  current  in  the  circuit ;  O  M  represents  an  unstable  current  which 


I  might  exist  for  a  moment ;  and  O  N  represents  the  current  which  would 
traverse  the  circuit  were  the  accumulators  to  overpower  the  dynamo  and 
reverse  it,  as  indeed  frequently  happens  when  series  dynamos  are  so  used. 
For  it  will  be  observed  that  if,  as  is  the  case  when  accumulators  are 
i^^eaching  their  fidl  charge,  their  electromotive- force  were  to  rise,  or  the 
resistance  of  the  circuit  to  increase  in  consequence  of  heating,  the 

T  2 
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inevitable  result  would  be  to  diminish  AL,  the  effective  electromotive 
force,  and  to  diminish  the  current  O  L,  so  that  the  magnetism  of  the  field- 
magnets  will  also  drop,  and  the  point  A  will  be  brought  nearer  to  the 
position  of  instability  at  the  bow  of  the  curve. 

With  the  shunt  dynamo  the  case  is  different.  Let  Fig.  179  represent 
the  characteristic  of  the  shunt  dynamo,  the  external  current  being  plotted 
along  O  X,  and  the  total  electromotive-force  along  O  Y.  Draw  the  line 
C  £  A  as  before.  Then  it  cuts  the  positive  branch  at  A,  and  O  L  is  the 
current  in  the  main  circuit.     If,  now,  either  the  counter  electromotive- 

Fio.  179. 


force  of  the  accumulators  or  the  resistance  of  the  circuit  increases,  the 
effect  will  be  to  move  the  point  A  to  a  higher  point  on  the  curve.  The 
charging  current  O  L  may  diminish,  but  the  shunt  current  will  iacrease 
or  the  effective  electromotive-force  A  L  will  be  increased.  Therefore 
with  the  shunt  dynamo  there  will  be  no  likelihood  of  the  accumulators 
overpowering  and  reversing  the  dynamo. 
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CHAPTER  XL 

CONSTANT  POTENTIAL  DYNAMOS. 

Conditions  of  Supply. — The  conditions  of  electric  supply  neces- 
sitate that  the  output  of  the  dynamo  should  be  regulated  cor- 
respondingly.   For  some  purposes — as  for  feeding  a  system  of 
incandescent  lamps  in  parallel—the  current  must  be  supplied 
to  the  mains  at  an  absolutely  constant  potential^  or,  as  some 
popularly  phrase  it,  at  a  constant  pressure ;  that  is  to  say,  the 
difference  of  potentials  between  the  mains  at  the  terminals 
of  the  dynamo,  or  at  the  lamps,  must  be  constant.    This,  of 
course,  implies  that  the  current  delivered  by  the  machine  shall 
vary  exactly  in  a  ratio  inverse  to  that  of  the  resistance  of  the 
external  circuit,  increasing,  as  the  resistance  is  diminished,  by 
adding  to  the  number  of  lamps  across  the  mains  of  the  circuit. 
But  we  have  seen  that,  owing  to  two  causes — (i)  internal 
resistance,  (2)  demagnetizing  reactions  of  armature — the  volts 
at  the  terminals  at  full  load  fall  short  of  the  value  they  would 
have  (at  the  same  speed  and  magnetization)  at  zero  load. 
The  lost  volts  increased  with  the  load.     Hence  means  must 
be  taken  to  compensate  for  the  lost  volts  if  the  supply  is  to 
be  maintained  at  a  constant  pressure.     If  a  dynamo  is  to  supply 
lamps  at,  say  60  volts,  the  pressure  must  not  be  allowed  to 
fall  to  58  or  57  volts  when  all  the  lamps  are  at  work. 

For  some,  other  purposes,  as  for  supplying  a  set  of  arc 
lamps  connected  in  a  simple  series,  or  for  charging  a  number 
of  sets  of  accumulators  in  different  houses,  or  for  running  a 
number  of  motors  in  different  places  on  one  line,  it  is  necessary 
to  maintain  in  the  line  an  absolutely  constant  current^  no 
matter  how  many  or  how  few  lamps  or  motors  may  be  at 
work.  This,  of  course,  means  that  when  the  resistance  of  the 
main  circuit  is  increased  by  the  switching-in  of  more  lamps, 
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the  dynamo  must  of  itself  put  forth  a  proportionate  increase 
of  electromotive-force. 

The  two  ends  to  be  attained  by  regulation  are  therefore  not 
only  distinct,  but  incompatible  with  one  another ;  a  dynamo 
cannot  possibly  keep  its  electromotive-force  constant,  and  at 
the  same  time  vary  it  in  proportion  to  the  varying  resistance 
of  the  external  circuit.  The  two  systems  must  therefore  be 
kept  absolutely  apart  They  are  adapted  to  entirely  different 
cases  of  electric  distribution.  Their  theory  is  different ;  and 
the  practical  modes  for  carrying  them  out  are  different  also. 

Constant-current  machines,  as  required  for  arc-lighting, 
and  for  special  glow  lamps  in  series,  are  described  in 
Chapter  XVII.  The  present  chapter  will  deal  only  with 
machines  for  supply  at  constant  pressure. 

There  are  various  ways  of  governing  dynamos  so  as  to 
maintain  eitner  a  constant  potential  or  a  constant  current. 
Some  of  these  methods  involve  hand  regulation  ;  others,  auto- 
matic switching  in  or  out  of  resistances,  to  vary  the  excitation 
of  the  field-magnets ;  others,  automatic  adjustment  of  the 
brushes  ;  and  others,  electrical  governing  of  the  speed  The 
chapter  on  Regulators  deals  with  these.  Let  it  be  noted  in 
the  first  place  that  the  voltage  of  a  given  dynamo  depends,  as 
shown  by  the  fundamental  equation  (p.  47),  on  three  things — 
the  speed,  the  number  of  armature-windings,  and  the  magnetic 
flux :  hence  it  follows  that  any  one  of  these  might  be  used  to 
control  the  output  of  the  machine.  The  speed  can  be  changed 
by  purely  mechanical  contrivances.  The  number  of  effective 
armature  conductors  can  be  changed  by  shifting  the  brushes 
forward  beyond  the  neutral  point.  The  magnetic  flux  can 
be  varied  by  altering  the  magnetizing  force  that  excites  the 
magnetism,  or  by  changing  the  disposition  of.  the  magnetic 
circuit  All  these  devices,  for  governing  dynamos  have  been 
used. 

In  cases  of  isolated  plant  it  may  be  convenient  to  apply 
a  governor  (such  as  Willans's  or  Richardson's)  to  so  vary  the 
speed  in  accordance  with  the  demands  on  the  circuit  as  to 
maintain  a  constant  electric  pressure;  but  this  is  not  satis- 
factory when  the  engine  has  other  work  than  driving  a  single 
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dynamo.  Hence,  methods  have  been  preferred  which  admit  of 
the  maintenance  of  a  constant  speed  of  driving.  Throughout 
this  chapter  this  condition  will  be  assumed  to  hold  good ;  and 
as  a  purely  magnetic  method  of  regulation  is  but  little  used, 
we  need  only  deal  here  with  the  methods  that  depend  on 
the  varying  magnetizing  forces.  Some  of  these  methods  are 
adapted  for  hand-control,  whilst  others  are  automatic 

EdisofCs  Regulator. — In  Edison's  method  of  supplying 
mains  at  a  constant  potential  a  shunt  dynamo  is  employed, 
a  variable  resistance,  or  rheostat,  R,  being  introduced  into  the 
shunt-drcuit  (Fig.  180).    A  lever  moved  by  hand,  whenever 
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the  potential  rises  or  falls  below  its  proper  value,  makes  con- 
tact on  a  number  of  studs  connected  with  a  set  of  resistances, 
and  thus  controls  the  degree  of  excitation  of  the  field-magnets. 
A  similar  device  has  been  used  in  several  other  systems.  To 
make  the  arrangement  perfect  the  variable  resistance  should 
be  automatically  adjusted  by  an  electromagnet  the  coils  of 
which  are  an  independent  shunt  across  the  mains.  Edison 
has  indeed  used  such  a  device.  The  shunt  dynamo,  if  well 
constructed,  is,  as  shown  on  p.  270,  nearly  constant  in  its 
voltage ;  the  pressure  at  the  terminals  falls  off  very  little  at 
full  load.     With  such   a   dynamo,  but  a  small   increase  of 
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exciting  power  is  needed  to  make  up  for  the  lost  volts  at  full 
load.  The  regulating  rheostat  is  equally  applicable  to  a 
separately-excited  machine. 

Self-regulating  Dynamos, — Seeing  that  an  increase  of 
magnetism  is  required  to  compensate  for  the  lost  volts,  the 
dynamo  may  be  made  self-regulating  if  the  increase  of  current 
in  the  main  circuit,  which  causes  the  drop  in  the  volts,  can  be 
made  automatically  to  cause  also  a  compensatory  augmenta- 
tion of  the  magnetism.  If,  in  addition  to  the  exciting  coil 
which  produces  the  requisite  initial  magnetization  of  the  field- 
magnet,  there  is  provided  a  compensating  coil  of  wire  thick 
enough  to  carrj^  the  main  current,  the  desired  end  will  be 
attained.  If  the  machine  is  shunt-wound  to  begin  with,  and 
a  compensating  coil  in  series  with  the  armature  is  thus  added, 
the  combination  is  usually  termed  a  "  compound  "  winding. 
The  term  "  compound  dynamo "  having  been  introduced  by 
Messrs.  Crompton  and  Kapp  to  signify  a  dynamo  with  mixed 
series  and  shunt-winding,  by  analogy  with  the  engineers*  term 
"compound  engine"  for  a  steam-engine  working  with  both 
high-  and  low-pressure  cylinders.  Compounding  is  not,  how- 
ever, the  only  mode  of  self-regulation  ;  for  a  compensating 
series-coil  is  equally  applicable  to  any  well-designed  con- 
tinuous-current dynamo  in  which  the  initial  magnetism  is 
independently  or  constantly  excited.  The  following  com- 
binations are  possible  : — 

(/.)  Series  regelating  coils  +  permanent  magnets  to  excite 
the  field  initially,  with  an  independent  constant 
magnetization. 
(«.)  Series  regulating  coils  +  an  independent  current  circu- 
lating in  separate  coils  round  the  field-magnets, 
to  produce  an  independent  constant  magnetiza- 
tion. 
(wV.)  Series  regulating  coils  +  an  independent  current  cir- 
culating in  the  main  circuit  (and  generated  either 
by  a  battery  or  by  an  independent  magneto- 
dynamo)  having  the  effect  of  partly  exciting  the 
field-magnets,  with  an  independent  constant  mag- 
netization. 
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(;V.)  Series  regulating  coils  +  shunt-magnet  coils  supplied 

by  a  portion  of  the  current  of  the  machine  itself 

thereby  partly  exciting  the  field-magnets,  with  an 

independent  and  nearly  constant  magnetization. 

(v)  For  alternate-current  dynamos,  coils  in  series  with 

the  main  circuit  cannot  be  used,  but  they  may  be 

compounded  by  providing  them  with  regulating 

coils  supplied  with  a  current  derived  (by  a  suitable 

transformer)  from  the  main-circuit  currents,  and 

proportional  to  them,  the  derived  currents  being 

first  sent  through  a  suitable  commutator  to  rectify 

them.     The  independent  magnetization  may  be 

derived  either  from  an  auxiliary  exciter,  or  from 

a  separate  coil  or  group  of  coils  in  the  armature, 

or,  in  fact,  by  another  transformer,  the  primary  of 

which  is  placed  across  the  mains  as  a  shunt,  in 

either  of  the  latter  cases  the  current  being  properly 

commuted. 

Theoretically,  several  other  self-regulating  combinations 

are  possible ;  for  example,  a  machine  with  a  long  armature 

lying  between  two  separate  field-magnets,  one  independently 

excited,  the  other  in  series ;  a  series  machine  with  unsaturated 

magnets  combined  with  a  (quasi-independent)  series  machine 

with  over-saturated   magnets  on  the  same   shaft;   a  series 

machine  having  two  sets  of  field-magnet  poles  at  different 

leads,  one  of  the  sets  of  poles  being  the  series-excited  set,  the 

other  excited  independently,  or  in  shunt  circuit ;  &c. 

1  --y . 

Theory  of  Self-regulation. 

In  considering  the  theory  of  self-regulation  we  shall  pro- 
ceed as  follows : — First  find  an  expression  for  the  potential 
at  the  terminals  of  the  dynamo.  This  will,  in  general, 
consist  of  three  terms.  Secondly,  we  shall  consider  these 
three  terms  as  to  whether  their  factors  are  constants  or 
variables.  Then,  having  ascertained  which  of  the  terms 
contain  variable  factors,  we  must  consider  what  conditions 
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must  be  laid  down  (such  as  prescribing  a  particular  speed  or 
a  particular  number  of  windings)  in  order  that  the  terms  con- 
taining variable  factors  shall  disappear.  These  conditions  will 
be  embodied  in  an  "  equation  of  condition,"  which  will  be  then 
discussed.  In  general  it  will  be  found  that  if  the  speed  is 
prescribed  beforehand,  there  will  be  a  certain  "  critical " 
number  of  regulating  coils  to  be  deduced ;  or,  on  the  other 
hand,  if  the  number  of  regulating  coils  is  prescribed  before- 
hand, there  will  be  a  particular  or  "  critical "  speed  at  which 
self-regulation  holds  good. 

It  is  possible  to  treat  the  theory  either  algebraically  or 
geometrically.     Both  methods  will  be  here  used. 

Case  (i).  Series  Regulating  Coils  +  Permanent  Magnets. — 
If  the  field-magnets  are  partly  permanently  magnetized, 
or  if  there  are  permanent  steel  magnets  in  addition  to 
the  electromagnets,  giving  a  partial  permanent  field,  inde- 
pendent of  that  due  to  the  current  in  the  circuit,  we  may 
denominate  the  number  of  magnetic  lines  in  this  independent 
field  as  Ni* 

Now  the  fundamental  equation  of  the  series  dynamo  is 

E  =  «  C  N, 

and  the  difference  of  potential  between  the  terminals,  other- 
wise called  the  pressure,  is  shown  on  p.  227  to  be 

^  =  E  -  (r.  -f-  O  /. 

But  IM,  the  number  of  magnetic  lines  that  pass  through  the 
armature  at  any  instant,  is  made  up  of  two  parts,  the  perma- 
nent independent  part  Ni,  and  a  part  depending  upon  the 
current  /,  and  equal  to 

47rS^'-f-  I 


where  S  is  the  number  of  turns  in  the  regulating  coil,  /  the 
length  of  the  magnetic  circuit,  A  its  cross-section,  and  ^  the 
average  value  of  the  permeability  (see  p.  318)  between  the  two 
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extreme  values  that  it  has  when  i  is  zero  and  when  i  is  at  its 
maximum.     If  for  brevity  we  write 


we  may  then  write  the  variable  part  of  N  as  ^St;  and 
therefore, 

N  =  Ni+^Sz; 

and  we  get,  as  the  complete  expression  for  e^ 

^  =  «  C  (Ni  +  y  S  /)  -  (r-  +  O  i, 
or 

^  =  //  C  Ni  +  «  C  ^  S  £  —  (^«  +  O  ^• 

The  expression  on  the  right-hand  side  of  this  equation 
consists  of  three  terms,  of  which  the  first  contains  the  speed 
and  two  constants  as  factors.  The  last  two  contain  a  variable, 
the  current,  and  one  of  them  also  contains  as  factors  the  speed 
n  and  the  number  of  regulating  coils  S.  If  S  is  prescribed 
beforehand,  then  the  particular  speed  at  which  the  dynamo 
is  self-regulating  will  be  clearly  that  speed  at  which  the  expres- 
sion for  e  will  contain  nothing  but  constants.  If  n  is  pre- 
scribed beforehand,  then  we  must  vary  S  so  as  to  eliminate 
the  terms  that  contain  the  variable  factor.     Since  the  two  last 

« 

terms  are  of  opposite  sign,  it  is  clear  that  by  varying  S  or  «, 
or  both,  the  value  ofnCqS  may  be  made  numerically  equal 
to  r,  +  r^.  Then  at  the  constant  speed,  which  we  will  call  «i, 
the  last  two  terms  will  cancel  one  another  out,  or. 

That  is  to  say,  S  and  n^  must  be  such  that 

;/i  C  ^  S  =  fa  +  r^.  [XIII.] 

This  is  the  equation  of  condition. 

If  the  condition  laid  down  in  this  equation  is  observed, 
then  the  last  two  terms  for  e  disappear,  and  we  have  simply, 

e  ^  n^C  Y\iss  a  constant. 

Having  thus  proved  that,  at  the  given  speed,  ^  is  a  constant, 
it  is  worth  while  to  enquire  what  it  is  that  determines  the  value 
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of  e.  Clearly  e  is  directly  proportional  to  Ni,  the  independent 
and  permanent  field  magnetism.  Therefore,  we  can  arrange 
that  the  dynamo,  still  driven  at  the  given  speed,  shall  give 
any  potential  we  please,  within  limits,  provided  we  alter  Ni  in 
the  requisite  proportion. 

Suppose  that  the  speed  is  prescribed  by  mechanical  con- 
siderations, then  the  proper  or  critical  number  of  regulating 
coils  is  given  by  the  expression 

S  =  ^^^^±-^.  [XIV.] 

n\Zq 

This  is  instructive.  The  higher  the  internal  resistance  of  a 
dynamo  the  greater  must  be  the  number  of  the  regulating 
coils  in  series,  if  it  is  to  be  self-regulating. 

Returning  to  the  equation  of  condition,  we  will  write  it 
in  the  second  form — 

which  gives  us  as  the  value  of  the  critical  speed, 

_r^  +  r^       I 

''^"~'s"  •  cV 

This  shows  us  that,  if  the  series  coils  are  prescribed  there  will 

be  a  certain  critical  speed  of  self-regulation,  and  this  speed 

will  be  higher  the  greater  the  internal  resistances  are. 

Lastly,  we  may  write  the  last  equation  in  the  following 

way, 

.^.    I  J  total  internal  resistance         ,^  ... 

critical  speed  = = ;= ■-, : rr-  X  a  quantity 

number  of  turns  ot  series  coil 

depending  only  on  the  armature  windings  and  on  the  magnetic 

circuit  and  its  working  permeability  within  the  range  for  which 

regulation  is  required. 

So  far  we  have  assumed  that  the  only  cause  of  drop  of 

pressure  that  needed  to  be  compensated  for  was  that  due  to 

internal   resistances.      But   the  drop  of  pressure  due  to  the 

demagnetizing  action  of  the  armature  is  in  modem  machines 

a  consideration  of  even  more  importance.     To  take  account 

of  this  action  we  must  remember  that  if  the  angle  of  lead  A.  is 
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known,  the  demagnetizing  belt  of  conductors  (see  p.  89)  will 
be  that  comprised  within  an  angle  of  2  X,  namely  CX/90^. 
And  each  such  conductor  carries  \  i  amperes,  making  the 
demagnetizing  ampere-turns  CXi'-=-  180^.  Or,  if  the  number 
of  conductors  within  the  angle  X  is  called  D,  the  demagne- 
tizing ampere-turns  will  be  2  D  x  J  /  =  D  £  This  is  for  drum 
machines :  for  ring  machines  the  product  must  be  doubled. 
As  however,  these  turns  are  situated  over  the  armature,  whilst 
the  compensating  coils  are  wound  on  the  field-magnet,  their 
action  will  be  greater  in  proportion  approximately  to  the 
leakage  coefficient  v  (see  p.  183).  Hence  we  shall  have  to 
increase  S,  the  series  coils,  from  the  value  found  above  to  the 
value 


S  = 


n^Qq 


-hDv. 


Case  (ii.).  Series  Dynamo  -|-  Separately-exciting  Coils  (see  "  Series 
and  S^arate^^  Fig.  44,  p.  58). — In  this  case  there  is  an  independent 
magnetism  due  to  a  current  carried  round  the  field-magnets  in 
separate  coils,  and  providing  a  part  of  the  field  magnetism.  The 
connexions  are  shown  in  Fig.  181. 


-R 


If  we  call  the  number  of  magnetic  lines  due  to  the  independent 
excitation  N^,  the  same  argument  holds  good  as  in  the  preceding 
case,  and  the  same  conclusions.  Ni  will  not,  however,  be  really  a 
constant,  for  the  effect  of  the  introduction  of  a  constant  amount  of 
magnetizing  force  will  vary  with  the  degree  of  saturation  resulting 
from  the  whole  magnetizing  force.  If,  however,  the  average  working 
penneability  throughout  the  range  of  regulation  is  taken  into  account 
in  the  calculation  of  Nj  as  well  as  in  that  of  S,  then  any  falling-off 
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in  the  effect  of  the  independent  exciting  current  is  implicitly  provided 
for. 

Messrs.  Wright  &  Kapp  have  accomplished  the  same  end  as  Case  ii., 
using  one  coil  only  in  the  main  circuit,  to  which  coil,  however,  a  battery, 
or  the  circuit  of  a  separate  dynamo,  is  applied  as  a  shunt.  M.  Picard 
has  made  a  somewhat  similar  suggestion. 

Geometrical  Demonstration  of  Cases  (/.)  and  (it.). 

On  p.  230  it  was  shown  how  the  values  of  the  potential  at 
terminals  fall  off  in  magneto  and  separately-excited  dynamos 
as  the  current  increases,  e  always  being  less  ^  than  E  by  an 
amount  equal  to  r.  /. 

To  represent  the  facts,  let  O  X  and  O  P  be  taken  as  the 
axes  for  plotting  out  amperes  and  volts,  and  let  O  P  repre- 
sent the  electromotive-force  (E  =  «i  C  Ni)  due  to  the  per- 
manent or  independent  magnetism,  as  measured  when  no 
current  is  running  through  the  armature.      Now,  assuming 

Fig.  182. 


that  the  armature  reactions  are  small  enough  to  be  neglected, 
E  will  at  constant  speed  remain  the  same  with  all  currents, 
but  e  will  drop.  From  O  set  off  the  line  O  J  at  an  angle 
such  that  its  tangent  represents  the  internal  resistance  of  the 
machine.  Now  consider  the  case  when  the  current  i  has  the 
particular  value  corresponding  to  the  length  O  V.     The  height 

*  This  is  illustrated  in  Fig.  150,  p.  232,  where  the  curve  e  shows  the  drop  due 
to  this  cause,  and  the  curve  B  the  actual  drop,  due  chiefly  to  this  cause  and  partly 
to  the  demagnetizing  reactions  going  on  in  the  armature. 
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U  V  will  be  the  drop  in  the  external  electromotive-force  ;  for 
UV=  tanUOV  x  O V  =  rj.  Cut  off  from  /V  a  portion, 
/  Q  =  U  V,  and  Q  V  will  represent  e.  While  the  curve  for 
E  and  i  is  approximately  a  horizontal  line,  the  curve  for  e  and 
/  (the  external  characteristic)  drops,  as  shown  by  the  dotted 
line.  Any  point  on  the  e  curve  can  be  got  from  the  E  curve 
by  simply  deducting  from  the  height  a  piece  equal  to  the 
corresponding  width  across  the  triangle  J  O  X.  Now  it  must 
be  obvious  that  if  when  the  E  curve  is  horizontal  the  e  curve 
slopes  downward,  we  must  use  an  E  curve  that  slopes  upward 
by  a  precisely  equal  amount,  if  we  want  to  get  a  horizontal 
^ curve;  that  is  to  say,  if  we  want  to  get  constant  potential. 
How  are  we  to  get  an  upward  sloping  E  curve  ?  Remember 
that  at  a  given  speed,  «i,  the  value  of  E  is  «i  C  Ni,  where  Ni 
means  that  the  magnetic  circuit  has  somehow  (either  per- 
manently or  by  a  separate  current)  been  excited  up  to  such  a 
d^ee  that  Ni  lines  go  through  the  armature.  The  same 
plotting  that  serves  for  volts  will  serve  for  values  of  N  by 
choosing  the  appropriate  scale;  or,  OP  may  represent  Ni- 
Therefore  P  is  a  point  on  a  curve  of  magnetization,  which  will 
rise  still  higher  if  only  we  put  on  more  ampere-turns  of  exci- 
tation. Therefore  all  that  is  required  to  be  done  is  to  put  on 
the  magnets  a  coil  in  series,  having  such  a  number  of  turns  S 
that  the  ampere-turns  S  i  will  have  the  effect  of  raising  the 
magnetism  in  the  right  proportion ;  in  fact,  so  that  T  /  shall 
be  equal  to  U  V.  We  have  now  got  an  E  curve  which  slopes 
up— not  quite  a  straight  line,  to  be  sure,  but  such  that  when 
we  subtract  the  volts  required  to  drive  the  current  through 
the  armature  resistance,  we  get  an  e  curve  that  is  approxi- 
mately level. 

Comparing  the  algebraic  and  geometric  methods,  we  see 
that  /  V  corresponds  to  «i  C  Ni ;  T  /  to  «i  C  ^  S  / ;  and  U  V  to 
r,  iy  or  if  the  resistance  of  the  added  series  coil  is  included  in 
the  slope  of  the  line  O  J,  U  V  will  correspond  to  (r*  +  r«)  i, 

Case(Hu).  Series  Dynamo -^Independent  Electromotrve-farce  thrown 
into  the  Main  Circuit, — ^This  really  comprises  two  cases  :  where  the 
independent  constant  electromotive-force  is  due  to  a  battery,  and 
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where  it  is  due  to  a  separate  magneto  machine  driven  at  a  constant 
speed  ("  Series  and  Magneto,"  see  p.  282).  The  argument  is  the 
same,  however,  for  both  cases.     Fig.  183  will  represent  either  case. 

Fig.  183. 


R  — — 


We  have  here  as  the  whole  electromotive-force  of  the  combination 
E,  the  electromotive-force  of  the  armature,  plus  E^  the  independent 
electromotive-force  thrown  in  from  the  battery  or  magneto  machine. 
The  difference  of  potential  between  the  terminals,  which  we  have 
always  denominated  as  e^  will  be  got  by  subtracting  from  E^  +  E 
that  part  of  the  electromotive-force  which  is  devoted  to  sending 
current  /  through  the  internal  resistances,  which  are  now  r^^^r^^  and 
r^ ;  so  that  we  have 

^  =  E,  +  E  -  (r,  -f  r«  +  rO  /. 

Now  E=«C^S/;  therefore,  in  order  to  make  the  last  two 
terms  cancel  one  another  and  leave  e  a  constant,  we  must  give  the 
speed  the  value  «i  such  that 

«i  C  ^  S  =  r«  H-  r^r^ , 

which  is  the  equation  of  condition.     In  this  case, 

^=  Eft. 

This  proves  that  in  this  case,  too,  the  constant  potential  at  the 
terminals  is  identical  with  that  due  to  the  independent  excitation. 
Of  course  this  does  not  mean  that  the  dynamo  does  no  work.  On 
the  contrary,  it  means  this :  that  when  the  resistance  of  the  external 
circuit  is  infinitely  great,  Tso  that  the  dynamo  does  no  work,  then  the 
only  electromotive-force  in  the  circuit  is  that  due  to  the  independent 
source. 

Case  (iv,).  Series  Regulating  Coils  +  Shunt  Exciting 
Coils:  "  Compound  Winding^ — The  compound-wound  dynamo 
may  be  regarded  as  either  a  series  dynamo  to  which  some 
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shunt  windings  have  been  added,  so  as  to  provide  an  initial 
magnetization,  or  as  a  shunt  dynamo  to  which  some  series 
uTudings  have  been  added  to  compensate  for  the  drop  of 
potential  at  the  terminals.  There  are  two  possible  methods 
of  connecting  the  shunt  coils  to  the  dynamo,  and  the  pro- 
portions differ  slightly  in  the  two  cases.  In  the  "  short-shunt" 
method  (see  p.  60)  the  shunt  coils  are  joined  as  a  shunt  to 
the  armature  part  of  the  dynamo  only,  being  connected  across 
from  brush  to  brush.  In  the  "  long-shunt "  method  the  shunt 
coils  are  connected  across  the  terminals  of  the  machine,  and 
may,  therefore,  be  regarded  either  as  a  shunt  to  the  external 
drcuif,  or  as  a  shunt  to  the  armature  and  series  coils  together. 
In  the  former  arrangement  the  current  through  the  shunt  is 
not  constant,,  because  the  potential  at  the  brushes  e  is  not  the 
e\  and  though  e  may  remain  fairly  constant,  e  does  not,  but 
increases  when  the  external  circuit's  resistance  decreases.  In 
the  latter  arrangement  the  current  through  the  shunt  is 
constant  if  e  is  constant,  and  the  case  becomes  one  analogous 
to  those  already  discussed,  of  an  independent  constant  excita- 
tion.  The  connexions  of  the  short-shunt  method  are  indicated 


Fig.  184. 


Fig.  185. 


Compound- WINDING : 
Short-shunt. 


Compound-winding  : 
Long-shunt, 


In  Fig.  184.  Since  in  a  well-designed  dynamo  r.  is  very 
small,  r.  will  also  be  very  small*  for  few  regulating  coils  in 
series  are  required.     Moreover,  as  the  shunt  resistance  r.  is 

U 
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relatively  very  great,  the  shunt  current  will  be  relatively 
small,  and  it  makes  very  little  difference  therefore  whether 
the  shunt  is  connected  across  the  brushes  or  across  the 
terminals  of  the  main  circuit  The  connexions  of  the  long- 
shunt  arrangement  are  as  shown  in  Fig.  185. 

The  calculations  for  the  two  cases  are  practically  identical, 
and  involve  the  same  kind  of  arguments.  That  for  long-shunt 
is  a  little  more  simple,  and  is  accordingly  given. 

We  have  then 

E  =  «  C  N  ; 

^  =  E  -  (r  +  r«)  ia  \ 

and  as  the  magnetism  depends  on  the  total  number  of 
ampere-turns  circulating  around  the  field-magnet,  we  shall 
write, 

N  =^(Zi.  +  S/.); 
where  q  has  the  same  signification  as  before  (p.  283),  namely, 

■ 
10/  /LtA' 

or  more  strictly  is  the  variable  number  representing,  at  the 
various  stages  of  magnetization,  the  numerical  ratio  between 
N  and  the  total  number  of  ampere-turns  for  the  magnetic 
circuit  of  the  particular  dynamo.  It  is  of  course  best  obtained 
by  reference  to  such  a  diagram  as  Fig.  105.  For  the  present 
purpose  it  is  necessary  to  consider  (i)  the  value  which  q  has 
when  the  external  current  is  zero,  and  when  the  only 
excitation  is  that  due  to  the  shunt,  namely  Z  f,  ampere-turns : 
this  may  be  called  q^ ;  and  (2)  the  value  which  q  has  when  the 
current  in  the  armature  is  at  the  maximum  for  which  the 
dynamo  is  intended  to  be  used.  If  the  maximum  current  is 
called  Xy  this  value  may  be  called  q^.  Then,  as  the  current 
varies  from  o  to  x,  the  corresponding  values  of  N  will  var>' 
from 

No  =  ^^  Z  /, 

to 

N,  =  q,  (Z  i.  +  S  X), 
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Now  between  these  two  limits,  which  we  may  call  the  range 
for  which  the  dynamo  is  required  to  be  made  self-regulatings 
q  will  have  intermediate  values,  and  one  of  these  must  be 
selected  for  use  in  the  formula.  The  value  i  {q^  +  ^.)  will 
not  be  far  from  a  fair  average.  Let  this  average  value  be 
denominated  q^  in  the  equations  which  follow.  Then  from 
the  three  preceding  equations  we  have 

^  =  «  C  ^1  Z  /,  +  «  C  ^1  S  ^'a  —  (r*»  +  ^„)  i^ . 

Now  here  we  have  three  terms,  the  first  containing,  as 
factors,  the  speed  (which  may  be  kept  constant),  and  the 
shunt  current  z^  which  will  be  made  constant  if  e  can  be  made 
constant ;  the  second  contains  the  speed  also  as  a  factor ;  the 
second  and  third  both  contain  the  variable  current  ia.  The 
two  variable  terms  are  of  opposite  sign.  Now  e  cannot 
possibly  be  a  constant,  when  two  of  its  terms  contain  a  variable 
as  factor,  unless  the  coefficients  of  that  variable  factor  are 
such  that  they  make  those  two  terms  cancel  one  another ; 
e  cannot  be  constant  unless  either  the  speed  n  or  the  windings 
S,  or  both,  are  so  adjusted  as  to  fulfil  this.  But  these  can  be 
adjusted  and  even  with  a  given  value  of  S  a  particular  value 
of  the  speed  «i  can  be  found,  such  that 

«iCyxS  =  r„+f„.  [XVI.] 

This  is  then  one  of  the  two  equations  of  condition  ;  and  then  if 
the  speed  be  given,  the  critical  number  of  series-turns  will  be 

r*  +  r^       I 
Or,  if  S  is  prescribed,  the  critical  speed  will  be 

If  this  condition  be  observed,  then  e  will  be  constant  and  have 

the  value 

e  =s  ni  C^i  Z  /. . 

But  this  would  leave  e  indeterminate.     But  we  may  reflect 
that  though  this  equation  might  not  give  us  the  value  of  e, 

'/    W      T     T  ,-    "-   -  .'      4       •     " 

y\lV.    i'-'i.  A.  < 
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there  will  nevertheless  be  a  determinate  value  for  it,  namely, 
the  same  value  that  e  would  have  when  there  is  no  current 
taken  from  the  dynamo  at  all,  but  when  it  is  running  on  open 
circuit  only.     Under  these  conditions  the  value  of  e  will  be 

^  =  «iCN^  -{r^  +  rjis'y 

or,  sinc6  here  g  has  the  value  q^ , 

e  ^  fixC  q^Tiif. 

But  e  =  Ts  is ,  whence  we  get 

Comparing  this  value  of  tii  with  that  obtained  in  the  first 
equation  of  condition,  we  get 

whence,  finally,  as  the  second  equation  of  condition, 

Z  rs         qi 


S       r^  +  rm    qo 


[XVIIL] 


As  q^  is  proportional  to  /Xtf  the  permeability  when  there  is 
no  external  current,  and  q^  proportional  to  the  average  per- 
meability /Ai  for  the  range  of  working  between  zero  current 
and  maximum  current,  it  follows  that  if  there  were  no  altera- 
tion of  saturation,  q^  -r-  qo  would  equal  i.  In  the  former 
editions  of  this  work,  wherein  the  theory  of  compounding  was 
expressly  based  upon  the  supposition  that  there  was  no 
saturation— or  in  other  words,  that  the  permeability  was  con- 
stant— the  formulae  obtained  were  admittedly  incorrect  for 
this  reason.  Dr.  Frolich  found  for  a  certain  Siemens  series 
and  shunt  dynamo, 

Z  ,  r,  ^Ta        ^ 

—  s  17 'y,  whereas ; =  01  'O, 

From  which  it  is  clear  that  /i^  must  have  been  about  3  •  5  times 
as  great  as  /^i  ;  in  other  words,  this  machine  had  an  insufficient 
quantity  of  iron  in  its  magnets  or  armature  core,  or  in  both. 
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This  dynamo  must  have  been  both  badly  designed  and  of  low 
efficiency;  r,  ought  to  have  been  not  61  '9,  but  at  least  300 
times  as  great  as  r^  +  ^„ .  ft  will  be  noticed  that,  apart  from 
the  demagnetizing  action  of  the  armature,  the  amount  of 
excitation  to  be  provided  for  by  the  series  coils  is  always 
proportional  to  the  resistances  that  are  in  the  main  circuit 
and  internal  to  tJie  points  for  which  the  constant  difference  of 
potential  is  desired;  this  renders  it  possible  in  a  case  where 
the  mains  leading  from  the  dynamo  to  the  lamps  are  long  so 
to  compound  the  dynamo  by  adding  more  coils  in  series  as 
to  give  a  constant  potential,  not  at  its  terminals,  but  at  the 
distant  point  of  the  circuit  where  the  lamps  are  to  be  used. 
This  is  a  most  valuable  circumstance  in  all  cases  where  the 
lamps  are  far  from  the  dynamo,  as  in  the  lighting  of  mines 
from  machinery  at  the  surface ;  for  then  by  over-compounding^ 
one  can  obtain  a  constant  pressure,  not  at  the  terminals  of  the 
dynamo,  but  on  the  mains  at  some  point  in  the  midst  of 
the  lamp-network.  There  is  another  advantage  in  over-com- 
pounding, namely,  that  when  the  full  load  comes  upon  a 
machine,  the  engine,  however  carefully  governed,  generally 
slows  down  a  little,  tending  to  produce  a  further  drop  in  the 
voltage. 

To  compensate  for  the  demagnetizing  action  of  the 
armature,  additional  turns  are  required  in  the  series  coil,  as 
explained  above  on  p.  284,  To  make  the  last  set  of  formulae 
complete  S  should  be  replaced  by  S  —  D  z/. 

Arrangements  of  Compound  Winding. 

Compound  windings  may  be  arranged  in  several  different 
w'ays.  If  wound  on  the  same  core  the  shunt  coils  are  some- 
times wound  outside  the  series  coils :  less  frequently  the  series 
coils  are  outside  the  shunt.  In  some  of  Siemens*  dynamos 
the)'  are  wound  on  separate  frames  and  slipped  on  side 
by  side  over  the  same  core.  In  other  cases,  where  (as  in 
Siemens'  usual  patterns)  the  pole  is  at  the  middle  of  the 
magnet  core,  one  end  of  the  core  may  carry  the  shunt  coils, 
the  other  the  series ;  or  both  the  coils  on  one  of  the  cores 
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may  be  series  coils,  and  both  those  on  the  other,  shu 
In  Elihu  Thomson's  machines  the  series  coils  are  wi 
frames  close  over  the  armature.  In  some  of  Siemens'  n 
with  double  magnetic  circuits,  the  series  coils  were 
only  on  the  cores  adjoining  that  horn  of  the  pole-pie( 
would  otherwise  be  weakened  by  the  reaction  of  the  ar 
with  the  effect  that  the  distortion  of  the  field  wa 
corrected.  It  is  advisable  to  keep  down  the  resistanc 
series  coils,  as  they  will  form  part  of  the  main  circuit 
the  additional  resistance  necessitated  by  winding  the 
coils  of  larger  diameter  is  not  altogether  a  disadvant 
shunt  coil.  In  the  former  editions  of  this  work  the 
raendation  was  made  to  wind  the  series  coils  nearer 
than  the  shunt  coils.  With  the  better  magnetic  circi 
employed  in  dynamos,  this  advice  has  ceased  to  h; 
weight  If  the  magnetic  circuit  through  the  ironv 
good,  the  position  of  the  coils  makes  little  difference. 

Practical  Process  for  Compounding. 
It  is  clear  from  the  foregoing  paragraphs  that  the  co 
machine,  when  run  on  open  circuit,  with  only  tht 
current  flowing,  must  give  the  same  potentials  at  its  ti 
as  it  is  to  give  as  a  compound  machine.  Hence  this 
the  following  practical  process  for  compounding, 
armature  of  the  machine  be  run  at  the  proper  speed 
by  mechanical  considerations,  and  let  a  voltmeter  be 
at  the  terminals.  Two  experiments  are  then  ne 
First,  by  means  of  temporary  coils,  having  a  known 
of  turns  wound  on  the  iield-magnets,  and  fumishi 
measured  currents  from  some  accumulators  or 
dynamo,  ascertain  the  number  of  ampere-turns  that  wi 
to  excite  up  the  magnets  to  this  point.  From  this  2 
determined ;  for  it  is  known  beforehand  that  r.  mui 
least  300  or  400  times  (or  sometimes  as  much  as  100 
r, ;  and  therefore  i.  is  really  known  beforehand.  Si 
put  into  the  main  circuit  some  resistance  to  reprei 
maximum  load  of  lamps,  and  while  the  machine  is  rut 
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its  proper  speed,  ascertain,  using  still  the  temporary  coil  and 
accumulators,  how  many  ampere-turns  of  excitation  are 
needed  in  total  when  the  machine  is  doing  full  work,  sub- 
tracting from  this  the  value  of  Z  is  obtained  in  the  first 
experiment,  the  remainder  gives  the  number  of  ampere-turns 
which  the  series  coil  must  furnish,  and  as  the  maximum 
current  is  known,  S  can  at  once  be  calculated.  The  same 
process  suits  for  over-compounding-^  the  excitation  at  full  load 
being  raised  until  the  volts  at  terminals  rise  to  the  higher 
number  of  volts  that  will  allow  for  the  drop  in  the  leads. 

Design  of  Constant  Potential  Machines. 

It  IS  obviously  of  importance  in  such  machines  that  the 
iron  parts  should  be  so  designed  that  (i)  the  characteristic 
should  be  as  nearly  straight  as  possible  in  that  portion  of  it 
corresponding  to  the  working  range  of  currents  for  which 
regulation  is  desired ;  (2)  that  it  should  not  turn  down. 
Consequently  it  is  of  importance  in  such  machines  that  there 
should  be  just  so  much  iron  in  the  magnetic  circuit  that  the 
current  due  to  the  shunt  should  carry  the  initial  magnetiza- 
tion over  the  knee  of  the  curve  of  magnetization ;  and  that 
the  reactions  due  to  the  armature  currents  should  be  small ; 
or  in  other  words  that  there  must  not  be  too  much  copper  on 
the  armature,  and  that  the  field-magnets  should  be  relatively 
powerful.  Also,  of  course,  the  resistance  of  the  armature 
should  be  kept  as  small  as  possible. 

Time  Required  for  Compounding. 

Machines  which  have  very  solid  field-magnets  cannot 
suddenly  respond  by  a  change  in  magnetism  to  a  sudden 
change  in  the  demand  for  current,  in  consequence  of  the 
currents  induced  in  the  solid  iron  which  oppose  and  delay 
changes  in  its  magnetic  state.  Hence,  such  machines,  even 
though  compound-wound,  fail  to  keep  the  pressure  constant, 
as  they  cannot  act  quickly  enough.  For  such  work  as 
supplying  current  to  an  electric  tramway,  an  over-compounded 
dynamo  with  laminated  field-magnets  is  the  best  generator. 
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Characteristic  of  Compound  Dynamo. 

In   the  original  theory  of  constant   potential   machines 
devised  by  Marcel  Deprez,  the  argument  was  based  upon  the 
absence  of  saturation,  and  the  presence  of  an  initial    inde- 
pendent magnetization.    .The  following  was  the  argument  of 
Deprez.     If  there  is  a  permanent  excitement  of  magnetism 
quite  independent  of  that  due  to  the  main-circuit  coils  of  the 
dynamo,  the  characteristic  (Fig.  1 86)  will  not  start  from  O,  but 
from  some  point  above  it  depending  on  the  amount  of  inde- 
pendent magnetization  and  on  the  speed.      Let  the  starting 
point  be  P.     OP  is  the  electromotive-force  between  terminals 
when  the  main  circuit  is  open,  but  there  is  no  external  current 
until  the  circuit  is  closed,  and  then  the  characteristic  rises  in 
the  usual  fashion  from  P  to  Q.     Draw  O  J  at  the  proper  slope 
to  represent  the  resistance  of  the  armature  and  series  coils 
together.     Now  consider  a  line  O  E  drawn  at  such  an  angle 
that  the  tangent  of  its  slope  represents  the  total  resistance 
of  the  circuit  at  any  particular  moment.    Then  E  ;i:  is  the  total 
electromotive-force  at  that  moment,  and  a  part  of  this,  equal 
to  ^;rr,  will  be  employed  in  driving  the  current  0;ir  through 
the  resistance  of  armature  and  series  coils.     The  remaining 
part  E  a  represents  the  difference  of  potentials  between  the 
terminals  of  the  external  circuit      So  the  problem  resolves 
itself  into  this :    how  to  arrange   matters  so  that  E  a  shall 
always  be  of  the  same  length  as  O  P,  no  matter  how  much  or 
how  little  the  line  O  E  may  slope.    Clearly  the  only  way  to  do 
this  is  so  to  arrange  the  speed  of  the  dynamo  that  the  part 
from  P  to  Q  shall  be  parallel  to  O  J.     If  the  speed  is  reduced 
exactly  to  the  right  amount  the  inclination  of  the  character- 
istic will,  be  equal  to  that  of  the  line  O  J.     Then,  as  shown  in 
Fig«  187,  the  potential  between  the  terminals  will  be  constant 
It  will  be  seen  that  this  agrees  with  the  deductions  arrived 
at  in  the  algebraic  treatment  of  the  question  :   namely,  that 
the  critical  speed  is  proportional  to  the  internal  resistance ; 
and  that  the  constant  difference  of  potential  E  a  is  equal  to 
that  due  to  the  independent  magnetization  O  P  at  the  critical 
speed. 
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It  should  also  be  noticed  that  if  the  part  of  the  character- 
istic be  not  straight,  that  is  to  say,  if  the  field-magnet  cores 
are  becoming  saturated,  the  regulation  cannot  be  perfect.  If 
the  line  P  Q  be  curved,  then  the  potential  for  large  currents 


Fig.  186. 


Fig.  187. 


will  not  be  equal  to  that  for  small  currents.  If,  in  the 
practical  process  for  winding  the  magnets,  the  coils  have  been 
wound  so  as  to  make  e  the  requisite  number  of  volts,  both  on 
open  circuit  {i,  e.  at  O  P),  and  at  another  point  (say  at  Q  J), 
when  the  dynamo  is  feeding  its  maximum  load,  then  there 
will  in  general  be  a  slightly  greater  potential  for  intermediate 
loads,  owing  to  the  slight  convexity  of  the  curve  between 
P  and  Q. 

The  above  argument  holds  good, whether  the  independent 
excitation  be  due  to  permanent  magnetism  or  to  a  combina- 
tion with  separately-exciting  coils  (see  pp.  58  and  59),  or  to 
shunt-exciting  coils.  '  In  the  latter  case  O  P  represents  the 
potential  at  terminals  due  to  shunt  excitation  alone. 

The  case  of  the  "  compound  "  dynamo  is  worth  looking  at 
from  another  point  of  view  also.  On  p.  264  two  curves — 
not  characteristics — are  given,  showing  the  relation  of  electro- 
motive-force to  external  resistance  in  a  series  machine  and  in 
a  shunt  machine.  One  begins  at  a  certain  height  and  falls 
when  the  resistance  has  attained  a  certain  value ;  the  other 
begins  low  and  rises  when  the  resistance  has  attained  a  certain 
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value.  It  is  conceivable  that  if  a  dynamo  were  wound  with 
both  shunt  and  series  coils,  so  that  each  worked  up  to  the 
same  potential  at  the  same  speed,  and  so  proportioned  that 
the  number  of  ohms  at  which  one  fell  should  be  the  same  as 
that  at  which  the  other  rose,  then  the  compound  machine 

Fig.  188. 
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External  Characteristics  of  Compound-wound  Dynamos. 

should,  as  indicated  in  Fig.  188,  give  as  a  result  of  the  double- 
winding,  a  constant  potential.  It  remains  to  be  seen  how  far 
this  is  attained  in  practice. 
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External  Characteristics  of  Self-regulating 

Dynamos. 

Simultaneous  observations  of  the  external  current  i  and 
the  external  potential  e  enable  us  to  plot  the  external  charac- 
teristic ;  which  in  a  perfectly  self-regulating  dynamo  would 
be  a  horizontal  line.  The  curves  given  in  Fig.  189  relate  to 
an  old  Siemens  dynamo/  a  Mordey  "  Victoria  "  dynamo^  (see 
p.  498),  and  a  Giilcher  machine  (see  p.  503). 

If  the  number  of  regulating  coils  in  series  is  too  small,  the 
characteristic  will  fall  as  the  current  rises  ;  if  too  large,  will 
rise  slightly  from  the  beginning  near  the  cfrigin  (see  Fig.  189). 
This  latter  case,  however,  is  not  always  a  disadvantage,  for 
with  machines  worked  singly  on  an  engine  the  speed  often 
falls  in  consequence  of  imperfect  governing  as  the  load  on  the 
dynamo  is  increased. 

Essoris  Observations. — Some  observations  by  Mr.  W.  B.  Esson,  in 
the  Electrician  of  June  1885  are  worthy  of  consideration  in  con- 
nexion with  recent  theory.  Mr.  Esson  asks  why  is  it  that  compound 
dynamos  wound  so  as  to  be  self-regulating  for  a  given  speed,  regulate 
fairly  well  at  any  speed  within  considerably  wide  limits  ?  To  explain 
this  peculiarity  he  observes  that  in  no  dynamo  is  the  quantity  or 
quality  of  the  iron  such  that  the  saturation  effect  can  be  neglected. 
If  the  magnetism  were  strictly  proportional  to  the  ampere-turns- of 
excitation,  there  would  be  literally  a  critical  speed.    The  approximate 

S      r  A-  r 

ule„  =  — Ogives  the  number  of  series  coils  much  too  low,  for 

L  r, 

when  the  shunt  coil  has  already  excited  a  certain  degree  of  magnet- 
ization, the  series  coil  cannot  produce  its  proportionate  increase. 
In  a  series  machine  (designed  to  give  a  current  of  20  amperes),  the 
electromotive-force  added  to  the  machine  by  increasing  the  exciting 
cunent  from  5  to  10  amperes  is  much  greater  than  the  electromotive- 
force  added  by  increasing  the  current  from  10  to  15  amperes. 
Again,  a  loo-volt  machine  (self-regulating),  in  which  therefore  the 
shunt  gave  excitement  enough  for  100  volts  on  open  circuit,  had 
series  coils  upon  it  which  were  able,  when  the  shunt  was  removed 
and  the  full  current  on,  to  give  60  volts  between  terminals.  The 
value  of  the  series  coil  to  excite  magnetism  is  diminished  as  the 

*  See  Richter  in  Elektrotechnische  Zeitschrift,  April  1883. 

•  Sec  Journal  Soc»  of  Arts ^  March  7,  1884. 
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excitation  due  to  the  shunt  is  increased.  All  this  is,  of  course,  due 
to  the  diminution  in  permeability  of  the  iron  of  the  machine  as 
the  degree  of  saturation  increases.  From  this  it  follows  that  a 
certain  relation  must  subsist  between  the  speed  of  the  machine  and 
the  degree  to  which  the  magnets  are  excited  by  the  shunt  coiL  But 
the  magnetism  furnished  by  the  shunt  coil  also  depends  on  the 
speed,  and  increases  with  it.  If,  therefore,  at  one  speed  this  relation 
is  such  as  to  produce  self-regulation,  the  relation  will  be  almost 
equally  true  at  other  speeds.  At  the  high  speed  the  relative  value  of 
the  series  coils  is  less,  and  at  the  low  speeds  it  is  greater ;  but  the 
sum  of  the  two  effects  may  be  constant  At  speeds  lower  than 
the  normal  speed,  the  potential  is  lower  when  there  is  a  large  resist- 
ance in  circuit  than  where  there  is  a  small  resistance  in  circuit  At 
speed  higher  than  the  normal,  the  potential  falls  as  the  resistance  is 
diminished  Mr.  Esson  deduces  from  the  foregoing  considerations 
certain  practical  hints  as  to  how  to  improve  the  regulation  of  a 
dynamo  whose  potential  rises  either  when  many  or  when  few  lamps 
are  in  circuit 

Engineers  desiring  further  information  on  compound  winding  of 
dynamos,  are  referred  to  a  series  of  articles  in  the  Electrician^  in  1883, 
by  Mr.  Gisbert  Kapp ;  also  to  two  articles  by  Mr.  Esson  in  the  Electrician 
of  June  1885.  Articles  by  M.  Hospitalier  in  VElectricien,  and  by  Herr 
Uppenbom  in  the  Centralblatt  fUr  Elektrotechnik,  should  also  be  con- 
sulted :  and  the  student  should  above  all  read  the  series  of  papers 
published  by  Dr.  Frolich  in  the  Elektrotechniscke  Zeitsckri/t  for  1885, 
and  a  still  more  remarkable  paper  by  Professor  Riicker  in  the  Philo- 
sophical Magazine  oi  ]\xne  1885.  Some  account  of  these  was  given  in 
the  Appendices  of  the  third  edition  of  this  book.  The  latest  contributions 
to  this  question  are  by  C.  Zickler,  Centralblatt  fUr  Elektrotechnik,  ix. 
264,  1887,  and  M.  Baumgardt,  id.  x.  281,  1888 ;  and  by  Dr.  Louis  Bell, 
in  the  Electrical  World,  xvi.  383,  1891. 
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CHAPTER  XII. 

ON  WINDING  OF  ARMATURES.      THEORY  OF  CONNEXIONS. 

This  Chapter  is  devoted  to  the  theory  of  the  ways  of  joining 
up  and  combining  the  conductors  on  the  armatures  of  dynamos. 
Workshop  details  concerning  materials  and  modes  of  con- 
struction are  considered  in  Chapter  XIII.  At  present  we  deal 
with  the  important  preliminary  considerations  which  apply  to 
design  rather  than  to  construction. 

It  has  been  pointed  out,  on  p.  41,  that  excepting  for  arc- 
lighting  machines,  which  usually  have  "  open-coil "  armatures, 
continuous-current  dynamos  are  provided  with  closed-coil 
armatures,  that  is  to  say  armatures  on  which,  whether  wound 
according  to  the  ring,  drum,  or  disk  type,  the  winding  is 
re-entrant  on  itself,  the  current  dividing  between  at  least  two 
paths  and  reuniting  as  it  leaves  the  armature.  For  machines 
with  two  poles  there  are  but  two  such  paths,  the  current 
dividing  once  only.  But  for  multipolar  machines  there  may 
be  either  two,  or  more  than  two,  such  paths ;  with  one,  or 
more  than  one,  bifurcation  of  the  current.  The  electromotive- 
force  of  the  machine  will  obviously  depend  on  the  mode  of 
connexion  of  the  conductors,  as  to  how  many  active  conductors 
are  connected  in  series.  Hence  the  necessity  of  understanding 
the  theory  of  armature  winding. 

To  connect  up  rightly  the  conductors  on  an  armature  so 
as  to  produce  the  desired  result  is  a  simple  matter  in  the  case 
of  ring  winding,  for  continuous-current  machines,  whether  of 
bipolar  or  multipolar  type.  It  is  a  much  less  easy  matter  in 
the  case  of  drum  windings,  especially  for  multipolar  machines. 
Often  there  are  several  alternative  ways  of  arriving  at  the 
same  result ;  and  the  fact  that  methods  which  are  electrically 
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equivalent  may  be  geometrically  and  mechanically  different 
makes  it  desirable  to  have  a  systematic  method  of  treating 
the  subject. 

In  Chapter  III.,  pp.  41  to  45,  we  have  already  considered 
the  elementary  structure  of  ring,  drum,  and  disk  armatures. 
Those  elements  would  suffice  for  the  consideration  of  small 
armatures  coiled  with  only  a  few  turns  of  wire.  But  when  we 
proceed  to  the  design  of  large  machines,  or  of  machines  which 
are  to  be  wound  so  as  to  give  potentials  as  high  as  400  or 
more  volts,  further  information  is  needed.  For  example, 
suppose  we  have  designed  a  4-pole  machine  having  a  bar- 
armature  with  100  bars  spaced  around  its  periphery,  all  in  one 
layer,  numbered  consecutively  from  i  to  100,  and  we  desire 
to  complete  the  end-connexions  ;  we  must  be  able  to  instruct 
the  workman  as  to  the  order  in  which  they  are  to  be  connected. 
Is  he  to  connect  the  front  ^  end  of  bar  No.  i  right  across  to 
bar  No.  50,  or  No.  49  ?  Or  is  he  to  connect  it  across  a  quarter 
of  the  periphery,  and,  if  so,  is  it  to  join  No.  25  or  No.  24,  or 
to  No.  75  or  No.  76  ?  To  which  return  bar  is  he  to  connect 
the  back  end  of  the  bar?  And  which  bars  are  to  be  connected 
down  to  the  commutator  ? 

The  object  of  the  present  Chapter  is  to  give  information 
on  these  points.  Brevity  is  essential ;  and  much  more  might 
have  been  written.  Those  who  wish  to  go  further  should  con- 
sult the  writings  of  Hering,^  Amoux,®  Fritsche,*  Weymouth,' 
and  Arnold,*  as  well  as  sundry  patent  specifications  to  which 
reference  will  be  made. 

As  remarked  above,  there  is  generally  little  trouble  in 
understanding  a  ring  winding,  provided  the  distinction  between 
a  right-handed  and  a  left-handed  winding  is  comprehended. 
So  leaving  for  the  present  a  further  discussion  of  multipolar 
ring  windings,  we  pass  on  to  consider  drum  winding. 

^  "Front"  end  means  the  end  where  the  commutator  is;  armatures  being 
always  most  conveniently  regarded  from  this  end. 

•  Hering:  Principles  of  Dynamo- Electric  Machines^  New  York,  1 891. 
»  Amoux :  t Electricien,  xii.  1888,  pp.  737,  774,  827. 

^  Fritsche:  die  Gleichstrom-Dynamomaschine^  Berlin,  1889. 

*  Weymouth:  The  Electrician,  xxv.  Nov.  7  to  Dec.  1 9,  1890. 

'  Arnold:  die  Ankerwickelung der  Dynamomaschinen,  Berlin,  189 1. 
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The  first  point  to  settle  is  what  constitutes  the  difference 
between  a  right-handed  and  a  left-handed  winding.  In  the 
case  of  ring  armatures  there  is  no  doubt.  Fig.  190  shows  one 
section  of  a  ring,  the  direction  of  the  currents  being  indicated 
in  the  same  way  as  on  p.  TJ^  Figs.  61  to  63.  As  we  pass 
right-handedly  around  the  circle  from  a  to  d  we  follow  a  right- 
handed  spiral  path,  the  current  climbing  (as  explained  on  p.  64) 
to  the  positive  brush  at  the  top.'  (A  left-handed  coiling,  such 
as  Fig.  31,  p.  39,  would  give  the*positive  brush  at  the  bottom, 
unless  either  the  rotation  or  the  polarity  of  the  dynamo  were 
reversed.)  Now  consider  Fig.  191,  which  depicts  one  element 
or  section  of  a  drum-winding  having  40  external  conductors. 

Fig.  190.  Fig.  191. 


Right-handed  Ring  Winding.         Right-handed  Drum  Winding. 

Starting  from  a  to  climb  to  d,  and  noting  the  direction  of  the 
currents  in  the  conductors,  it  is  obvious  that  a  must  be  con- 
nected by  a  spiral  connector  across  the  front  end  of  the  drum 
to  one  of  the  descending  conductors  such  as  No.  20,  from 
which  at  the  back  end  another  connector  must  join  it  to  one 
of  the  ascending  conductors,  such  as  No.  3,  where  it  is  led  to 
^)  thus  making  one  right-handed  turn.  Now  examine  Fig.  206, 
p.  318,  Fig.  208,  p.  319,  and  Fig.  212,  p.  322.  They  are  all 
left-handed,  the  last  having  eight  turns  of  wire  in  one  section. 
Note  in  passing  that  if  the  back  connector  in  Fig.  191  from 
No.  20  to  No.  3  had  passed  under  the  shaft,  instead  of  over  it, 
the  winding  would  still  have  been  a  right-handed  winding. 
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The  next  point  is  to  ascertain  over  how  many  conductors 
these  spiral  connectors  ought  to  pass.    We  connected  No.  i 
{yid  the  bar  ^^)  to  No.  20,  and  then  back  to  No.  3.     Is  there 
any  reason  why  No.  20  should  have  been  chosen  and  not 
No.  21,  or  No^  19,  or  No.  18?    To  understand  this  we  must 
consider  the  question  of  commutation  in  the  conductors  as  a 
whole,  and  also  remember  that  there  are  two  paths  through 
the  windings  from  brush  to  brush.     This  is  a  drum  with 
40  conductors  in  one  layer :  and  there  will  be  20  bars  in  the 
commutator.      Remember  that   the  induced   electromotive- 
forces  will  be  directed  from  back  to  front  in  the  conductors 
rising  on  the  left,  and  from  front  to  back  in  those  descending 
on  the  right.    It  is  natural  to  think  that  each  conductor  ought 
to  be  joined  to  the  one  that  lies  diametrically  opposite  to  it. 
In  that  case  No.  i  should  be  joined  to  No.  21,  No.  2  to  No.  22, 
and  so  forth.     But  this  will  not  do.     Each  conductor  on  one 
side  needs  a  return  conductor  on  the  other  side.     The  even 
numbers  may  be  looked  upon  as  the  returns  for  the  odd 
numbers.     Hence  No.  i  ought  not  to  be  joined  to  No.  21. 
Shall  it  be  joined  to  No.  20  or  to  No.  22  ?  or  shall  we  join  it 
to  No.  18  ?    Nos.  20  and  22  lie  on  either  side  of  the  one  that 
is  diametrically  opposite,  and  electrically  it  makes  no  difference 
which  we  select  of  these  two.     If  we  are  going  to  use  a  back 
connector  which  returns  over  the  shaft  (as  in  Fig.  191),  there  is 
a  slight  saving  of  copper  if  we  select  No.  20.     If  the  back 
connector  returns  under  the  shaft,  either  may  be  taken.    More 
copper  will  be  saved  if  we  select  No.  18  and  return  over  the 
shaft,  as  the  spiral  connectors  will  be  shorter.     But  if  we  thus 
connect  across  a  short  chord  of  the  circumference,  instead  of 
taking  the  chord  nearest  to  the  diameter,  we  risk  getting 
counter  electromotive-forces  in  the  turns  that  are  in  series 
from  brush  to  brush.     On  the  other  hand,  as  Swinburne  has 
shown,  connecting  across  a  short  chord  has  the  advantage  that 
the  armature  has  a  less  powerful  demagnetizing  action.     The 
effect  of  winding  across  a  chord  subtending  the  span  of  the 
pole-piece  is  shown  by  Fig.  192,  in  which  it  will  be  seen  the 
belt  of  demagnetizing  conductors  betweeil  the  pole  tips  is  now 
replaced  by  a  belt,  in  which  the  currents  flow  in  two  opposing 


On  Winding  of  Armatures, 


305 


Fig.  192. 


directions,  thus  neutralizing  one  another.  In  no  case  should 
the  chord  subtend  a  less  angle  than  that  subtended  by  the 
polar  face.  The  rule  then  for  connecting  is  as  follows  for  a 
simple  2-pole  drum  armature.  The  number  of  conductors  C 
being  an  even  number,  the  front  connector  must  cross  from 
any  conductor  to  that  which  is  J  C  ±  i  further  on  (or  J  C  ±  3 
for  shortening  the  chord) ; 
and  the  back  connector  must 
lead  back  to  the  next  con- 
ductor but  one.  In  the 
following  winding  table  the 
letters  F  and  B  stand  for 
front  and  back,  and  the  letters 
U  and  D  stand  for  up  and 
dcrjun,  meaning  toward  the 
front  end,  and  from  the  front 
end  respectively.  From  this 
it  will  be  seen  that  starting 
with  conductor    No.    i,    we 

follow  down  it  to  the  back,  there  connect  it  to  No.  22,  then 
come  up  to  the  front,  then  come  (connecting  to  a  bar  of  the 
commutator  in  passing)  to  No.  3,  go  down  this,  and  connect 
across  the  back  to  No.  24,  and  so  on.     The  overlap  is  in  all 


Effect  of  Chord  Winding. 


Winding  Table.    2-pole  Drum.    40  Conductors. 
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cases  21.  At  last  we  come  to  No.  20,  up  which  we  return  to 
the  front  and  connect  (yid  the  last  bar  of  the  commutator) 
to  No.  I. 

X 
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Simple  as  the  matter  may  seem,  the  problem  how  to 
connect  across  the  end  of  the  drum  from  one  conductor  to 
that  which  is  next  but  one,  or  next  but  three,  to  the  diametri- 
cally opposite  conductor,  is  not  altogether  easy  when  the 
mechanical  and  electrical  difficulties  are  taken  into  account. 
To  shorten  the  length  of  the  long  spiral  connectors,  and  make 
the  end  connectors  more  symmetrical,  the  arrangement  indi- 
cated in  Fig.  193  is  sometimes  used.      The  spirals  are  thus 

Fig.  193.  Fig.  194. 


Drum  Winding  with  Two  Sets  Two-layer  Drum  Winding. 

OP  Spiral  Connectors. 

arranged  in  two  layers  one  over  the  other,  as  in  Fig.  158, 
p.  364,  with  the  effect  that  the  commutator  has  virtually  been 
turned  through  about  a  quadrant,  so  that  the  -|-  brush  will  be 
on  the  left  instead  of  at  the  top.  This  mode  is  adopted  in  the 
Edison-Hopkinson  armatures  amongst  others.  It  has  the 
advantage  that  all  the  spiral  connectors  front  and  back  may 
be  made  of  same  size. 

If,  however,  the  conductors  are  arranged  in  two  layers, 
one  over  the  other,  the  windings  may  be  made  across  a 
diameter,  the  last  turn  being  brought  across  to  the  next 
in  the  same  layer.  The  conductors  of  the  outer  layer  then 
answer  instead  of  the  intermediate  members  of  the  one- 
layer  set.  In  Fig.  194  the  end  of  No.  i  is  brought  to  a ;  thence 
it  spirals  round  to  No.  21,  which  is  connected  across  the  back 
to  No.  3,  and  so  on.     Fig.  195  shows  how  the  80  conductors  of 
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the  Edison-Hopldnson  armature  (see  p.  519)  are  connected, 
there  being  in  reality  two  layers  of  40  each,  and  a  40-part 
commutator. 

Fig.  195. 


Dkom  Winding  of  Edison- Hofkinson  Dtnaho. 

Developed  Winding  Diagrams. 
If  one  tries  to  draw  all  the  connectors  of  a  drum  winding 
the  lines  cross  and  occasion  confusion.    There  is  therefore  a 
great  advantage  in  adopting  a  mode  of  representation,  origi- 
nally su^ested  by  Herr  Fritsche,^  of  Beriin,  in  which  the 

'  CtntralUalt/ur  BkktreUthtak,  iz.  649,  18S7. 
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Fig.  196. 


Sketch  of  4-pole  Field. 


armature  winding  is  considered  as  though  the  entire  structure 
had  been  developed  out  on  a  flat  surface. 

Consider  first  Fig.  196,  which  is  a  partial  sketch  of  a  four- 
pole  machine  laid  on  its  side.  The  core,  which  may  be  here- 
after wound  either  as  ring  or  as  drum,  lies  between  the  four 

poles  of  alternate  polarity.  If  a 
copper  rod  a  is  placed  parallel  to 
the  axis  to  represent  •  one  of  the 
armature  conductors,  and  is  sup- 
posed to  move  along  the  gap- 
space  right-handedly  past  the  S 
pole,  it  will  cut  the  magnetic  lines 
entering  that  pole.  By  the  rule 
given  on  p.  22,  the  induced  electro- 
motive-force in  it  will  be  upwards. 
Another  conductor  c  passing  the 
N  pole  will  have  induced  in  it  a 
downward  electromotive-force.  If  one  was  to  attempt  in  a 
picture  such  as  this  to  show  twenty  or  more  conductors  and 
their  respective  connexions,  the  drawing  would  be  unintelli- 
gible. Accordingly  we  have  to  imagine  ourselves  placed 
at  the  centre,  and  the  panorama  of  the  four  poles  around  us 
to  be  then  laid  out  flat,  as  in  Fig.  197.  It  will  be  noticed  that 
the  faces  of  the  N  and  S  poles  are  shaded  obliquely  for 
distinction.^ 

Now  in  an  actual  machine  there  are  many  armature  con- 
ductors spaced  symmetrically  around,  and  these  have  to  be 
grouped  together  by  connecting  wires.  In  the  case  of  ring 
windings  the  wires  which  connect  the  active  conductors  In  the 
gap-space  pass  through  the  central  aperture  in  the  ring  when 
they  are  removed  from  the  magnetic  field.  Suppose,  for 
simplicity,  we  have  a  ring  armature  of  only  12  turns,  and 


*  I  choose  these  obliquo  lines  for  the  following  reason.  If  instead  of  the  line 
a  b  (representing  a  conductor),  a  narrow  slit  in  a  piece  of  paper  were  laid  orer  the 
drawing  of  the  pole-face,  and  moved  as  the  dotted  arrows  show  towards  the  right, 
the  slit  in  passing  over  the  oblique  lines  will  cause  an  apparent  motion  in  the 
direction  in  which  the  current  tends  in  reality  to  flow.  It  is  easy  to  remember 
which  way  the  oblique  lines  must  slope ;  for  those  on  a  N  pole-face  slope  parallel 
to  the  oblique  bar  of  the  letter  N. 
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med  the  other  way.  The  winding  d-7-12  does  not  return 
.once  to  ^,  but  goes  on  to  /,  whence  another  element  i-iy-^-e 
les  on  in  a  sort  of  zig-zag  wave.  These  are  both  drum 
indings,  the  corresponding  tables  being  as  follows : — 


^DING-TABLS  FOR  FiG.  200. 

(Lap-winding.) 


Winding-table  for  Fig.  201. 
(Wave- WINDING.) 


F 

B 

F 

+  tf 

I 

6 

b 

^ 

3 

8 

c 

—  c 

5 

10 

d 

d 

7 

12 

e 

+  ^ 

9 

14 

f 

/ 

II 

16 

g 

-g 

13 

18 

h 

k 

15 

2 

m 

t 

• 

17 

4 

a 

F 

B 

F 

a 

I 

6 

/ 

f 

11 

16 

b 

b 

3 

8 

g 

-  8 

13 

18 

c 

c 

5 

10 
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h 

15 

2 

d 

d 

7 

12 

• 

1 

• 

t 

17 

4 

e 

+  £ 

9 

14 

a 

It  will  be  noted  in  passing  that  whilst  with  this  particular 
limber  of  conductors  (18)  the  lap-winding  results  in  four 
erallels  of  coils,  and  needs  four  brushes,  the  wave-winding 
esults  in  two  parallels,  and  requires  two  brushes  only. 

Before  going  on  to  other  drum-windings  it  may  be  re- 
larked  that  the  same  distinction  between  lap-windings  and 


Alternate  Current  Machine:  Lap-winding. 


irave-windings  is  applicable  to  alternate  current  machines. 
These  are  usually  multipolar.  In  Fig.  202  is  an  8-pole 
iltemator  with  lap-winding,  each  "element"  or  set  of  loops 


3H 


Dynamo-Electric  Machinery. 


extending  across  the  same  breadth  as  the  "  pitch  "  or  distance 
from  centre  to  centre  of  two  adjacent  poles.  Only  24  con- 
ductors have  been  drawn;  and  it  will  be  noticed  that  the 
successive  loops  are  alternately  right-handed  and  left-handed. 
In  Fig.  203  is  shown  the  same  alternator  with  a  wave-winding. 

Fig.  203. 


Alternate  Current  Machine:  Wave-winding. 

The  electromotive-force  of  the  two  machines  would  be  pre- 
cisely the  same;  the  choice  between  the  two  methods  of 
connecting  is  here  purely  a  question  of  mechanical  convenience 
in  construction  and  cost.  A  ring-winding  suitable  for  alternate 
currents  is  developed  in  Fig.  204 ;  also  for  an  8-pole  field.  It 
should  be  compared  with  Figs.  202  and  203. 

Fig.  204. 


Alternate  Current  Machine:  Ring-winding. 


Winding  FoRMULiE  for  Closed  Coil  Armatures. 

General  formulae  for  connecting — applicable  chiefly  to 
drum-windings — ^have  been  given  by  Hopkinson  and  by 
Arnold.  We  shall  follow  the  latter  in  the  main.  Let  C 
stand  for  the  number  of  conductors  as  arranged  around  the 
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armature  core.  Let  /  stand  for  the  number  of  pairs  of  poles 
so  that  the  actual  number  of  poles  is  2  /.  Let  b  stand  for  the 
number  of  active  conductors  in  any  one  "element"  of  the 
winding,  s  for  the  number  of  sections,  and  c  for  the  number  of 
bars  in  the  commutator.  Clearly  in  ring-windings  b  is  the 
number  of  turns  in  a  section.  Let  the  numerical  step  by 
which  one  advances  in  connecting  up  the  conductors  from  one 
section  to  another  be  called  y  (for  example,  if  No.  8  section  is 
connected  to  No.  1 5,  then  y  =  7).  This  number  jf,  since  it 
represents  the  number  of  spaces  between  the  sections  that 
are  bridged  over,  may  be  called  the  ''spacing^  It  must 
always  be,  relatively  to  s,  a  prime  number,  otherwise  the 
winding  will  not  be  re-entrant  as  a  closed  coil.  If  they  have 
a  common  factor  (as,  for  example,  j  =  36,  ^  =  27,  where  the 
common  factor  is  3)  there  will  be  as  many  independent 
circuits. 

Such  independent  circuits  have  been  used  by  Weston,  and 
by  Messrs.  Siemens  Bros.  Armatures  so  wound  require  broad 
brushes  covering  at  least  two  segments  of  the  commutator. 

Arnold's  formulae  connecting  these  quantities  are 

Q  =  b{py±d)\ 

wherein  a  is  a  certain  whole  number  (often  =  i)  on  the  value 

of  which  depends  the  number  of  bifurcations  of  the  current  ' 

through  sets  of  coils  that  are  in  parallel  with  one  another. 

The  number  of  neutral  points  on  the  commutator  will  be 

always  =  2  ^z.      In  applying  the  formulae  we  have  several 

cases  to  deal  with. 

(1.)  Parallel  Grouping,    As  we  have  seen  in  the  case  of  an 

ordinary  ring  in  a  4-pole  field,  there  will  be  four  rows  of 

C 

-  coils  each  in  parallel  with  one  another.     In  a  2-pole  field 

there  are  two  rows  of  —  each.     In  a  1 2-pole  field  we  should 

have  12  rows  of  — each,  in  parallel.     As  we  have  seen  above 
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in  the  case  of  the  4-pole  ring  with  spiral-winding,  each  pair  of 
such  rows  may  be  considered  as  constituting  a  separate 
2-pole  armature.  It  is  also  so  for  drum  armatures  if  wound 
with  lap-windings,  but  not  if  with  wave-windings.  The  two 
cases  stand  thus  : — 

id)  With  Spiral-winding  or  Lap-winding  write  in  the 
formula  /  =  i  and  a  =  i,  and  apply  it  to  a  set  of 
conductors  lying  between  two  poles  of  similar  name. 

{U)  With  Wave-winding  write  a  =z  p ;  that  is  to  say, 
there  must  be  as  many  bifurcations  of  the  current  as 
there  are  pairs  of  poles.  In  a  6-pole  machine/  =  3, 
and  the  current  will  bifurcate  at  three  points  (the 
three  negative  brushes),  going  through  six  parallel 
paths  to  the  three  positive  brushes  (or  to  the  cross 
connexions  that  lead  to  the  positive  brush). 

(«.)  Series  Grouping.  For  this,  seeing  that  the  current 
only  bifurcates  once,  a  =  i,  whatever  the  mode  of  coilit^. 
In  the  case  of  2-pole  machines  the  series  grouping  and 
parallel  grouping  are  the  same  thing — there  are  two  rows  of 
coils  in  parallel  with  one  another,  and  the  winding  may  be 
either  a  wave-winding  or  a  lap-winding ;  or,  as  will  be  seen,  a 
spiral-winding  may  be  used  for  ring  machines.  For  4-pole 
machines  the  same  holds  good.  For  machines  having  more 
poles  than  four,  however,  the  only  possible  cases  of  series 
grouping  are  wave-windings. 

(iii.)  Mixed  Groupings.  There  are  several  possible  cases 
of  mixed  lap-  and  wave-windings,  corresponding  to  cases 
where  a  >  i  or  a^p. 

As  examples  for  verifying  these  formulae  we  may  take 
the  following : — 

In  the  ring- winding  Fig.  34,  p.  40,  C  =  32 ;  /  =  i ;  i  =  4 ; 
J  =  8  ;  ^  =  8.  Hence  ^  =  7  or  9.  But  the  ring  has  eight 
sections  only,  of  which,  therefore,  the  seventh  and  the  ninth, 
reckoned  from  any  given  section,  are  those  that  lie  on  either 
side  of  it. 

In  the   drum-winding,  Fig.   70,   p.  90,   C  =  32 ;  /  =  i  ; 
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h=2  (because  each  " element "  of  the  winding  from  bar  to 
bar  of  the  commutator  contains  two  active  conductors) ; 
s=  16;  c  =  16.  Hence  7  =  15  or  17.  The  former  number 
may  be  taken  as  referring  to  the  front  layer  of  connexions 
(No.  1  to  No.  16),  the  latter  to  the  layer  below  them  (No,  2 
to  No.  19). 

A  further  example  is  afforded  by  a  special  ring-winding 
used  by  Wodicka,  Fig.  205,  in  which  each  section  is  joined  in 

Fig.  20s- 


RlNC-WINDINQ   WITH  OPPOSITE   COlLS   IN    SERI£S. 


series  with  one  on  the  side  opposite  to  it,  so  that  the 
number  of  commutator  bars  is  half  that  of  the  sections. 
Here  each  "  element "  of  the  winding  consists  of  two  sections, 
each  containing  active  conductors ;  hence  ^  =  4 ;  C  =  32 ;. 
s  =  16 ;  /  =  I ;  whence  y  may  be  either  9  or  7. 
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Drum-windings. 

In  Fig.  206  is  given  a  drawing  of  drum-winding  applied  to 
an  8-part  armature.  As  in  all  Siemens*  earlier  drums  the 
windings  lay  in  two  layers,  each  section  being  wound  dia- 
metrically. Thus  starting  from  the  bar  of  the  commutator 
marked  i  we  pass  outwards  to  i',  then  down  the  armature. 

Fig.  206. 


Connexions  of  Siemens  (von  Hefner  Altbneck)  Winding. 


across  the  back,  up  to  i",  and  (after  having  wound  a  sufficient 
number  of  turns  to  form  a  section)  spiral  up  to  bar  2  of  the 
commutator.  In  the  original  specification  of  Siemens' 
patent  the  end  connexions  were  unsymmetrical,  as  shown  in 
Fig.  207.  The  Edison  variety  of  Siemens'  winding  is  shown 
in  Fig.  208.  The  diagram  only  shows  a  simple  case  with  a 
7-part  commutator.  Here  C  =  14;  ^  =  2  ;  and  according  to 
the  formula  y  should  be  6.  But  the  actual  value  of  the 
spacing  is  7  at  the  back  and  5  at  the  front  end,  as  will  be 
seen.     With  an  odd  number  of  sections  commutation  does 
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not  occur  simultaneously  (in  2-pole  machines)  at  both  the 
brushes,  but  alternately. 

A  closer  study  of  the  dnim-winding  is  important,  and 

Fig.  207. 


Connexions  of  Siemens  Winding  (Old). 


Fig.  208. 


Connexions  of  Edison  Winding. 


accordingly  there  are  given  a  series  of  winding  diagrams 
relating  to  several  varieties. 
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In  Figs.  209  and  210  are  given  a  right-handed  wii 
Siemens'  plan   for  an   8-part  commutator,  and  one 

Fics.  2og  and  210. 

J.   ^ ' 


(Siemens'  Right-handbd)  Development  and  Ei 
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each  section,  i.e.  with  16  conductors  spaced  round  the 
periphery.  The  connecting  pieces  at  the  front  end  consist  of 
straight  connectors  (such  as  ^2;  6)  and  spiral  connectors  (such 
as  a  i),  which  cross  (either  under  or  over)  the  former.  The 
connecting  pieces  at  the  back  end  are  not  further  indicated 
than  by  the  dotted  lines  drawn  across.  In  the  developed 
diagram  it  is  shown  that  each  element  of  the  winding  is 
similar  to  ^-5-12-rf,  and  that  the  arrangement  is  a  lap- 
winding.    The  back  connectors  space  over  seven  conductors, 

C 

being  just  short  by  one  of  the  number  —  in  the  semi-circum- 

ference;  whilst  the  front  connectors  space  over  five,  being 
short  by  three  of  the  semi-circumference.  It  will  be  further 
noted  that  with  this  right-handed  winding,  rotating  right- 
handedly  in  a  right-handed  field,  the  +  brush  is  near  the  top 
of  the  commutator. 

Figs.  211  and  212  represent  the  same  thing,  except  that  the 
winding  is  left-handed,  with  the  result  that  the  +  brush  is 
now  near  the  bottom  of  the  commutator. 

The  winding  table  for  both  these  Figures  is  the  same, 
namely : — 


F 

B 

F 

+  a 

I 

8 

b 

b 

3 

10 

c 

€ 

5 

12 

d 

d 

7 

14 

e 

—  e 

9 

16 

f 

f 

II     i 

2 

g 

g 

13 

4 

k 

h 

15 

6 

' 

But  in  the  right-handed  winding  the  spiral  connectors,  such  as 
a  to  I,  go  toward  the  left,  and  in  the  left-handed  winding  to 
the  right 

In  Fig.  209  and  Fig.  211  (the  developments)  it  is  seen  that 
for  both    these  windings   the   "element"   of   the   winding, 
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Figs.  113  and  114, 


LAP-wiH[>i:(a  (3  POLE  SruuBTRiCAL)  Develofhbnt  and  End  View. 

V  2 
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indicated  by  the  darker  lines,  is  unsymmetrical  at  the  front 
end  of  the  drum,  this  being  due  to  the  use  of  two  sorts  of 
front  connectors,  one  straight,  one  spiral.  The  bar  a  of  the 
commutator  is  connected  to  the  front  ends  of  conductors 
No.  I  and  No.  6.  In  one  case  it  is  skewed  forward  to  be 
opposite  No.  6 ;  in  the  other  it  is  skewed  backward  to  be 
opposite  No.  I.  Why  should  it  not  be  placed  symmetrically 
between  them  ? 

Figs.  213  and  214  depict  a  symmetrical  lap-winding,  elec- 
trically precisely  equivalent  to  the  preceding,  and  having  the 
same  winding  table.  The  advantages  are  twofold :  that  (for 
built-up  armatures)  the  connectors  at  the  front  end  are  now 
all  of  the  same  pattern,  consisting  of  two  sets  of  short  spirals  ; 
and  that  the  brushes  now  come  to  a  horizontal  diameter  where 
they  are  more  accessible.  The  back  connexions  remain 
exactly  as  before,  and  go  across  a  longer  chord  than  the  front 
connexions. 

To  secure  the  utmost  symmetry  in  the  winding,  the  back 
and  front  connectors  ought  to  be  equalized.  The  theoretically 
proper  spacing  is  ^  =  7  or  ^  =  9.  To  attain  this,  join  No.  i 
to  No.  8  at  one  end  of  the  drum  and  to  No.  10  at  the  other. 
The  result  is  shown  in  Figs.  215  and  216,  from  which  it  is  at 
once  apparent  that  we  have  passed  from  lap-windings  to  a 
wave-winding  ;  each  element  passing  around  the  drum  and 
returning  only  to  the  next  bar  of  the  commutator  from  whence 
it  started.    The  winding-table  for  this  case  is  : — 


F 

B 

P 

+  fl 

16 

9 

b 

b 

2 

II 

c 
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13 

d 
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6 

15 

e 

—  e 
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J 

10 

3 

8 

S 

12 

5 

h 

h 

14 

7 

a 

Electrically,  this  winding  is  the  precise  equivalent  of  the 


On  Winding  of  Armatures.  325 


<2' 
Wavk-windino  (2-pole  Svuuetkical)  Developmbnt  and  End  View. 
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three  preceding.     The  spiral  connectors  at  the  back  en 

in  pairs  as  those  at  the  front  meet  at  the  conimutator. 

A  two-layer  winding  for  twenty-four  conductors,  ti 

with  its  development,  are  given  in  Figs.  217  and  218,  s 


Two  Layer  Drum- 

how,  when  half  the  armature,  from  a  to  g,  has  been  con 
one  layer  has  been  wound.  ■ 

Multipolar  Drums. — As  mentioned  on  p.  337  bel 
winding  of  multipolar  armatures  with  series-groupi 
suggested  by  Professor  Perry,'  It  has  been  applied  tc 
winding  by  Messrs.  Paris  and  Scott,*  and  by  Mr,  Kap] 
the  case  of  multipolar  machines  it  is  convenient  to  st 
rule  in  words  that  if  a  series  grouping  (so  as  to  gi 
voltage)  is  desired,  y  must  be  an  odd  number  and  1 

■  Specification  of  Patent,  No.  3036  of  lS83. 
*  Specification  of  Patent,  No.  4683  of  1SS4. 
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potentials  from  overlapping, .  and  it  can  be  well  insulated 
because  the  separate  sections  can  be  wound  on  formers  before 
being  laid  over  the  core. 


Thory's  Abuatore  (4-poii  Lap-winding). 

In  Figs.  223  and  224  are  shown  two  more  complex 
windings  due  to  Alioth.^  In  Fig.  223,  which  relates  to  a 
parallel  grouping,  the  current  entering  at  the  negative  brush 
bifurcates  twice,  finding  four  paths  through  the  windings,  two 
of  the  coils  being  short-circuited  alternately  at  the  +  and  — 
brushes.  In  Fig.  224  the  connexions  are  rearranged  so  as 
to  gi\'e  only  one  bifurcation,  and  therefore  only  two  rows  of 
windings. 

'  S«e  EUctridan,  xii».  140,  Dec.  13,  1889,  article  bj  A.  T.  SneH 
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A  method  of  drum-winding  was  proposed  by  Fritscl 
which  the  conductors  all  lie  obliquely  across  the  surface 


Alioth's  4-POLi  WiNDiNa    Parallel  Gkouftng  in  Took  Ro 


Alioth's  4-pole  Wimdiko.     Sbries  Grouping  m  Two  Rows 
Op.  CUat. 
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dram,  no  part  of  them  being  parallel  to  the  shaft.  In  this 
case  the  Beld-magnet  poles  are  also  constructed  with  diagonal 
faces.    This  oblique  winding  is  shown  developed  in  Fig.  225  ; 

Fio.  2JS- 


Fritschs's  Oblique  Wavb-windino. 

which  should  be  compared  with  the  winding  of  Fig.  2or,  to 
which  it  is  electrically  equivalent. 

Multipolar  Srum-windings   have   also  been  proposed   by 
Hopkinson  and  by  Bradley. 


Multipolar  Ring  Windings. 

Of  these  something  has  been  already  said  on  p.  310.  It  was 
noted  that  an  ordinary  ring  placed  in  a  multipolar  field  would 
have  as  many  neutral-points  on  its  commutator  as  there 
are  poles  around  it,  and  would  therefore  need  as  many 
brushes  as  the  machine  had  poles.  It  is,  however,  possible  to 
reduce  the  number  of  brushes  to  two,  by  two  independent 
methods,  one  of  which  connects  the  rows  of  sections  in 
parallel  with  multiple  paths  throughout  the  ring,  the  other 
puts  them  in  series  with  but  two  paths  through  the  ring. 

In  Fig.  226  is  represented  a  mode  of  reducing  the  number 
of  brushes  to  two,  by  cross-connecting  windings  at  oppo- 
ate  sides  of  the  ring,  a  device  due  to  Mr.  Mordey.  This 
may  be  looked  upon  as  simply  putting  into  parallel  with 
DQc  another  each  coil  and  the  one  that  occupies  the  similar 
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place  opposite  the  corresponding  pole.  The  arrang< 
looks  unsymmetrical,  but  is  not  really  so.  For  a  < 
machine  each  coil  would  need  to  be  connected  with  X\ 
others  at  120°  on  either  side  of  It.  There  are  several 
ways  of  doing  this.  One  is  by  means  of  spiral  conne 
another  is  by  connecting  across  the  corresponding    b; 


MoRDBv's  Method  of  Multipolar  Connexions  of  Ring 
(Parallel  Connexions). 


the  commutator.  In  the  Victoria  dynamos  of  the 
Company  (p.  479)  the  length  of  shaft  between  the  rin 
the  commutator  permits  of  double  cross-connexion, 
junction  of  two  adjacent  sections  being  connected  by  : 
down  to  the  nearest  bar  of  the  commutator,  and  a]s{ 
nected  round  to  that  on  the  opposite  side,  as  in  Fig.  22 
some  of  the  Giilcher  Company's  dynamos  the  cross-conn 
is  effected  by  a  series  of  metal  rings  threaded  on  an  ins 
sleeve  over  the  shaft,  each  such  ring  having  two  diami 
lugs  which  cross-connect  the  wires  leading  down  to  op 
bars  of  the  commutator.  Such  cross-connected  ma 
really  have  four  neutral  points,  but  the  brushes  coUe 
current  from  two  only. 
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There  are  several  methods  of  grouping  the  windings  in 
series  so  as  to  gain  a  double  electromotive-force.     One  of 


CoNNzxioNS  OF  Victoria  (Mordky)  4-pole  Abmaturbs. 

these  modes,  electrically  symmetrical,  is  depicted  in  Fig.  228, 
wherein,  while  opposite  coils  are  coupled  in  series,  the  com- 


4-POLB  Ring,  Series  Grouping  (3  Rows). 

mutator  bars  are  cross-connected.    This  requires  also  but  two 
brushes,  at  90°  apart    Two  other  modes  of  accomplishing  the 
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same  end  are  shown  in  the  windings  of  Figs.  229  a 
Here,  however,  the  connexions  are  not  symmetrical, 


4-POLa  Ring,  Series  Gkodping  4-P0LE  Ring,  Skkies  GR' 

(3  Rows).  3  (Rows). 

the  resistances  of  the  two  paths  (and  therefore  the  re; 
currents)  cannot  be  at  all  instants  equal. 


MULTIPOUU  RiNO. 


In  yet  another  arrangement  (Fig.  231),  each  coil 

nected  down  to  p  segments  at  intervals  of  - —  aroi 
P 
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ring;  and  introduces  an  increased   number  of  bars   of  the 
cooimutator. 

Another  winding,  devised  by  Professor  Perry,  brings  down 
the  connexions  from  each  section  across  a  chord  of  the  com- 
mutator.   The  case  shown  is  that  of  a  ring  with  eleven  sections 

Flc.  232. 


Pbkky's  Method  op  Multipolab  Series- 

in  a  4-pole  6eld.  The  number  of  sections  and  of  parts  of  the 
commutator  must  be  odd  if  the  number  of  pairs  of  poles  is 
even.  It  may  be  either  odd  or  even  for  6-pole  or  lO-pole 
machines.  Arnold  points  out  that  it  is  given  by  the  formula : 
S=.py±  I. 
Arnold*  has  described  numerous  other  ring  windings  of 
complex  kinds. 

Disk  Windings. 

These  may  in  general  be  treated  as  drum  windings  ex- 
tended radially,  the  outer  periphery  corresponding  to  the 
back  end  of  the  drum.     The  earliest  such  winding  is  that 

'  op.cim. 
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suggested  in  1875,  by  Pacinotti.  This  is  a  lap-winding 
adapted  for  a  2-pole  field,  the  N  pole  being  behind  the 
upper  part,  the  S  pole  behind  the  lower  part  in  the  cut.  It 
will  be  noted  that  the  outer  end  of  each  radial  conductor  is 
carried  round  by  a  peripheral  connecting  piece  to  join  the  end 
of  another  radial  conductor,  which  for  a  2-pole  machine 
would  be  the  one  lying  next  but  one  to  that  which  is  dia- 
metrically opposite.  The  schematic  figure  relates  to  a  lo-part 
armature,  made  up  of  twenty  radial  conductors.  They  are  num- 
bered so  that  the  order  of  connexions  may  be  traced.  The 
diameter  of  commutation  being  dd,  the  currents  flow  radially 
inwards  in  one  half  and  radially  outwards  in  the  other  half  of 


Pacinotti's  Disk  Armature. 


th's  disk.      The    construction    of   Pacinotti's    experimental 
machines  is  described  in  his  original  paper. 
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Since  then  many  suggestions  have  been  made  for 
bindings  of  this  description,  including  the  one  by  Edison 
depicted  in  Fig.  234. 


Armature  of  Edison  Disk  Dvnamo. 

In  this  disk  the  radial  plate  of  copper.  No.  I,  is  connected 
to  No.  1 1  by  straps  of  copper  that  meet  an  external  insulated 
copper  rim.  The  spacing  here  is  over  five  and  eleven  con- 
ductors at  the  same  time. 

A  lap-winding,  identical  with  Pacinotti's,  but  adapted  to  a 
4-pole  field,  is  depicted  in  Fig,  235  ;  it  is  known  as  the  Edison 
"new  disk"  winding.  The  disk -armatures  of  Hookham's 
electricity  meters  are  also  lap-wound.  BoUman  devised  a 
multipolar  disk  with  a  wave-winding. 

Recently  disk -armatures  have  been  revived  by  Desroziers 
and  Fritsche.  Desroziers  employs  for  a  6-pole  machine  the 
elaborate  wave-winding  shown  in  Fig,  236.  A  special  study 
of  this  class  of  winding  has  been  made  by  Arnoux.'  Fritsche 
employs  polygonal  poles,  enabling  him  to  use,  as  conductors, 
strips  of  metal  built  up  in  star-polygon  fashion  without  any 
'  See  reference,  p.  302. 

Z    2 
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Fto.  33s. 


4-pOLB  Disk  Lap-winding. 
Fig.  336. 


Dkskoziebs'  6-pole  Disk  Winding. 
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radial  parts — ^a  structural  advantage.  His  disk,  if  developed 
out  stra^ht  would,  for  a  4-pole  machine,  be  adequately  repre- 
sented by  Fig.  225,  p.  333.  The  two  sets  of  conductoi;s  con- 
stitute two  layers  which  are  united  at  their  outer  ends  to  the 
bars  of  a  commutator  at  the  outer  periphery.  The  disk 
armature  of  a  Fritsche  machine,  removed  from  the  magnets, 
is  shown  in  Fig.  36,  p.  44. 
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CHAPTER  XIII. 

PRACTICAL  CONSTRUCTION   OF  ARMATURES. 

To  carry  out  the  proper  magnetic,  electric,  and  mechanical 
conditions  of  armature  construction  needs  electrical  knowledge, 
mechanical  training,  and  experience.  The  mechanical  problems 
involved  have  been  set  forth  in  Chapter  V. ;  the  magnetic 
problems  in  Chapter  VII. ;  and  the  theory  of  armature-winding 
has  been  discussed  in  Chapter  XII.  In  those  chapters  there 
is,  however,  little  said  about  the  proper  modes  of  securing  the 
armature-conductors,  of  insulating  them,  and  of  ventilating 
them.  Most,  though  by  no  means  the  whole,  of  the  present 
chapter  relates  to  the  armatures  of  direct-current  dynamos 
and  motors  ;  but  much  of  it  is  equally  applicable  to  alternate- 
current  machines. 

Armature  Cores. — Cores  are  always  laminated,  being 
constructed  either  of  (i)  sheet  iron  disks,  (2)  iron  ribbon^  or 
(3)  iron  wire.  Ribbon  is  only  used  for  discoidal  armatures 
magnetized  through  the  flanks.  For  drums  and  elongated 
rings,  disks  stamped  out  from  soft  sheet  iron  are  almost 
universal.  The  usual  thickness  is  from  i  to  2  mm.  {i.e. 
from  40  to  80  mils).  They  should  be  of  the  softest  iron, 
showing  the  least  possible  hysteresis.  After  being  stamped 
out  they  should  be  annealed,  and  the  burr  at  the  edges  re- 
moved. Some  makers  at  this  stage  assemble  them  upon  the 
shaft,  turn  them  down  truly  in  the  lathe,  then  take  them 
apart  and  remove  the  burr  by  grinding  lightly  on  an  emer>* 
wheel,  then  re-mount  them.  Before  being  finally  mounted 
on  the  shaft  they  must  be  lightly  insulated  one  from  the 
other.  For  this  purpose  it  is  usual  either  to  cover  one  face 
of  each  core-disk  with  varnished  paper,  or  to  enamel  both 
faces  of  each  core-disk.    Mica  insulation  here  would  be  too 
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expensive,  and  is  not  necessary,  as  only  a  moderate  insulation 
is  requisite.  It  is  usual  to  make  the  two  end  core-disks  of 
stronger  iron,  sometimes  as  much  as  6  mm.  or  J-inch  thick. 
For  discoidal  armatures  the  iron  ribbon  must  be  insulated 
with  an  interposed  band  of  varnished  paper.  To  stiffen  a 
discoidal  armature-core  it  is  usual  to  build  it  upon  a  founda- 
tion ring  of  soft  iron,  and  this  in  some  cases  is  constructed 
with  a  projecting  central  iron  web,  on  either  side  of  which 
iron  ribbon  is  coiled.  An  example  is  afforded  by  the  core  of 
the  Victoria  (Mordey)  machine,  Fig.  335,  p.  498. 

For  lai^e  machines  the  expense  of  the  core-disks  becomes 
disproportionately  great  owing  to  the  waste   in  stamping. 
Hence   various    suggestions 
have    been     made     to    use  Fig.  237. 

segmental      portions.       For 
many   years    the    cores    of 
Joel's      "  engine-dynamos  " 
have   been   built    of   pieces 
bolted  together,  in  order  to 
permit  of  the  ring-windings 
being  separately  wound  and       Segmental  Core-disks  (Kapp). 
slipped  on.     In  Kapp's  mul- 
tipolar drum   armatures  (Plate  IX.^   Fig.  2),   the  cores  are 
segmental,  being  constructed,  as  shown  in  Fig.  237,  of  pieces 
which  overlap  in   successive  layers,  each  piece  having  eye- 
holes for  bolts. 

Wire  cores  were  at  one  time  largely  in  vogue,  having  been 
used  by  Gramme.  The  soft  iron  wire,  varnished  or  slightly 
oxidized  on  its  surface,  was  wound  on  a  special  former,  then 
removed,  taped  externally,  and  wound  with  the  copper  wire 
conductors. 

Wire  cores  have  three  disadvantages,  (i.)  they  are  me- 
chanically less  satisfactory  than  disk  cores  ;  (ii.)  they  fill  a 
given  core-space  with  an  actually  less  nett  cross-section  of 
iron,  owing  to  the  interstices  between  the  separate  wires,  only 
about  three-fourths  of  the  total  cross-section  being  occupied  by 
iron ;  and  (iii.)  they  present  a  discontinuity  radially  which  offers 
an  unnecessary  reluctance  in  the  path  of  the  magnetic  lines. 
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The  substitution  of  a  square  iron  wire  for  a  round  or 
the  core  of  the  Giilcher  Company's  dynamos  {Fig.  339, 
is  an  improvement  in  all  these  respects. 

Fio.  238. 


Grauue  Ring  with  W.ire  Cose  (1871). 

For  machines  of  large  output,  Gramme  designed  the  i 
shown  in  Fig.  339.  It  consisted  of  a  hollow  cylinder,  hui' 
too  wedge-shaped  copper   bars,  each  covered  with  a  bitu 


t  Larce  Currents  (t88i> 

paper  wrapping,  and  then  put  together.  Each  bar  had  tw 
projectioits  of  copper.  The  protruding  ends  of  the  copj 
formed  the  commuUtors,  of  which  there  were  two.  Th 
hetween  the  two  sets  of  radial  projections  was  filled  with  1 
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of  varnished  iron  wire  which  constituted  the  core,  and  finally  100 
other  bars  of  copper  of  flatter  section  wire  connected  exteriorly  from 
the  projecting  lug  at  one  end  of  one  bar  to  the  lug  at  the  other  end 
of  the  next  bar,  so  connecting  the  bars  into  a  closed  coil  Several 
of  the  inner  bars  were  made  thicker  and  of  special  form,  so  that  they 
might  be  keyed  to  spiders  fixed  upon  the  driving-shaft. 

Another  mode  of  constructing  wire  cores  is  presented  in  the 
Biiigin  machine.  The  armature  of  the  original  machine,  as  it  came 
from  Switzerland,  consisted  of  several  rings  set  side  by  side  on  one 
spindle,  these  rings  being  made  of  iron  wire  wound  upon  a  square 
frame,  and  carrying  each  four  coils.  Mr.  Crompton  changed  the  square 
forai  to  a  hexagon  having  six  coils  upon  it  (Fig.  240),  and  increased 
the  number  of  rings  to  ten.  It  was 
thus  described  in  1882 : — "  Each  ring  fig.  24a 

is  made  of  a  hexagonal  coil  of  iron 
wire,    mounted    upon     light     metal' 
spokes,  which    meet    the   corners  of 
the  hexagon.     Over   this  hexagonal 
frame,  six    coils  of   covered    copper 
wire  are  wound,  being  thickest  at  the 
six  points  intermediate  between  the 
spokes,  thus  making  up  the  form  of 
ttu:h  ring  to   nearly  a  circle.     Each 
of  the  six  coils  is  separated  from  its 
neighbour,  and  each  of  the  ten  rings  singlb  Ring  from  Crompton- 
is  fixed  to  the  axis  one-sixtieth  of  the  BUrgin  Armature. 

circumference  in  advance  of  its  neigh- 
bour, so  that  the  sixty  separate  coils  are  in  fact  arranged  equi- 
distandy  (and  s)anmetrically  as  viewed  from  the  end)  around 
the  axis.  There  is  a  6o-part  collector,  each  bar  of  which  is  con- 
nected to  the  end  of  one  coil  and  to  the  beginning  of  the  coil  that 
is  one^ixtieth  in  advance ;  that  is,  to  the  corresponding  coil  of  the 
next  ring.  This  armature  has  the  great  practical  advantages  of 
being  easy  in  construction,  light,  and  with  plenty  of  ventilation." 

This  form,  however,  suffered  from  the  harmful  effects  of  in- 
duction between  contiguous  rings,  and  it  was  found  advisable  to 
alternate  the  positions  of  the  rings,  instead  of  placing  them  in  a 
regular  screw-order  on  the  spindle,  as  shown  in  most  of  the 
published  drawings  of  this  once  well-known  machine.  It  proved 
to  be  in  no  way  superior  to  an  ordinary  Gramme  armature,  pro- 
vided the  latter  was  of  good  mechanical  construction  and  with  a 
sufficient  cross-section  of  iron  in  the  core. 


346 


Dynamo-Electric  Mctchinery. 


Fig.  241. 


Toothed  and  Smooth  Cores. — Pacinotti's  armature  of  1864 
(Fig.  241),  was  a  toothed  ring  of  solid  iron  supported  on  brass 
spokes,  and  having  boxwood  distance  pieces  fixed  to  the  teeth 
to  hold  the  windings  apart.  Armatures  built  up  of  toothed 
core-disks  have  been  much  used  in  recent  years,  particularly 
for  motors.  They  have  two  advantages  over  smooth  armatures, 
(i.)  The  teeth  present  an  excellent  means  of  driving  the  copper 
conductors  which  lie  between  them  ;  (ii.)  the  teeth  may  be 
brought  very  close  to  the  polar  surfaces  of  the  field-magnet, 

with  v&ry  narrow  clearance,  thus 
bettering  the  magnetic  circuit  and 
therefore  reducing  the  amount  of 
copper  required  to  excite  the  magnetic 
flux.  To  set  against  these  real 
S   /  \  C      advantages  are  the  disadvantages    of 

U   I  j   H      somewhat  greater  labour  required   in 

milling  out  the  channels  between  the 
teeth  of  the  assembled  core ;  the  extra 
difficulty  of  insulating  the  core  from 
the  conductors  ;  and  the  liability  of 
the  teeth  to  set  up  eddy-currents 
(see  p.  99)  in  the  polar  faces.  The 
by  making  the  teeth  numerous  and 
narrow,  also  by  laminating  the  polar  faces  with  grooves,  and 
by  enlarging  the  clearance.  Or,  best  of  all,  by  finally  serving 
the  entire  armature  outside  the  copper  conductors  with  a 
layer  of  iron  wire.  The  magnetic  gain  in  using  iron  teeth 
between  the  conductors  is  so  great  that  sundry  constructors, 
notably  Messrs.  Chamberlain  &  Hookham,  and  Messrs. 
Lahmeyer  &  Co.,  have  built  up  iron  projections  outside 
smooth  core-disks. 

Examples  of  discoidal  cores  having  toothed  projections  at 
the  flanks  are  afforded  by  the  Brush  armatures,  Figs.  302  and 
303,  p.  462. 

Pierced  Core-disks. — The  advantages  offered  by  toothed 
core-disks  are  possessed  to  a  still  higher  degree  by  core-disks 
pierced  with  apertures  just  within  the  periphery.      Such  have 


Pacinotti's  Toothed- 
ring  Armature. 


latter  can  be   cured 
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been  used  by  Wenstrom,  by  Swinburne,  and  by  Brown,  In 
such  annatures  the  conductors  are  carried  in  tubes  of  insulating 
material  that  pass  through  the  perforations.  Brown  has  found 
this  construction  eminently  satisfactory  from  the  mechanical 
and  magnetic  point  of  view.  It 
is  used    both  in    his  drum-arma-  *^'°-  *4*- 

ture  and  ring-armature  machines, 
Plates  IV.  and  X.,  and  Plate 
XXVII.,  Fig.  I,  constructed  at  the 
Oerlikon  Works.  It  is  not  how- 
ever, suitable  for  high  volt^es, 
exceeding  100  volts  or  so,  owing 
to  the  difficulties  of  insulation. 
One  peculiar  and  valuable  property 
of  the  pierced  core-disks   is,  that 

they  completely  protect   the   em-  pjehced  Core-disk. 

bedded   copper   conductors,  how- 
ever massive,  from    parasitical   eddy-currents   which   would 
otherwise  be  generated  in  them, 

Driving  Spokes  and  Spiders. — ^Armature  cores  are  usually 
built  up  upon  an  internal  frame  or  skeleton  pulley  iirmly  keyed 
to  the  shaft.  In  drum  armatures  this  internal  supporting 
frame  may  be  omitted,  the  core-disks  themselves  being  keyed 
directly  on  to  the  shaft.  Messrs.  Laurence  &  Scott  punch 
hexagonal  holes  in  the  core-disks  and  thread  them  on  over  a 
hexagonal  shaft. 

In  Weston's  drum-armatures  the  core-disks,  perforated  for 
ventilation,  are  keyed  to  the  shaft,  as  shown  in  Fig.  243. 

Frequently  the  core-disks  are  held  together  by  insulated 
bolts  passing  through  them,  and  driven  by  spiders  keyed  to 
the  shaft,  as  in  Fig.  244.  To  this  construction  there  is  the 
objection  that  the  bolt-holes  reduce  the  effective  cross-section 
of  iron  and  strangle  the  magnetic  fiux.  It  is  also  needful  that 
the  bolts  should  be  insulated  from  the  arms  of  the  spiders  by 
ebonite  washers  and  bushes,  otherwise  the  framework  will 
constitute    a   closed   circuit    for    eddy-currents    which    will 
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A  better  mode  is  that  used  by  Messrs.  Paterson  &  i 
in  their  Phoenix  dynamos  {Fig.  331,  p.  492,  and  Pla 
In  which  the  section  of  the  Iron  is  but  slightly  reduced  a 
bolts  are  entirely  internal  to  the  core.  The  dimensions 
machine  are  seen  in  Plate  V.,  Fig.  2. 


Weston's  Armature  Core  and  Core-disk. 


Another  mode  is  to  provide  the  core-disks  with  d 
notches  into  which  pass  long  flanges  from  the  shaft 
Crompton,  in  1S86,  introduced  this  construction  in  tb 
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illustrated  in  Fig.  246.  The  coils  are  wound  upon  an  iron 
core  made  up  of  disks  of  very  thin  soft  iron  fixed  upon  a 
central  spindle  by  means  of  short  arms,  which  are  dovetailed 
into  notches  cut  in  the  inner  circumference  of  the  disks.  At 
intervals  gaps  are  left  between  the  disks,  for  ventilation.  The 
coils,  ninety-six  in  number  in  some  of  these  machines,  one 
hundred  and  twenty  in  others,  are  threaded  through  the 
cylinder,  and  kept  in  their  places  by  small  boxwood  wedges 
and  by  external  bindings  of  thin  brass  wire.     This  armature 
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is  2  feet  4  inches  in  length,  and  \2\  inches  in  external 
diameter.  The  steel  shaft  A  is  grooved  with  five  deep  slits 
to  receive  five  flange-like  spokes  B,  which  dovetail  into  notches 
in  the  iron  disks  C.  At  every  2  inches  of  the  length  there 
are  inserted  the  pieces  D,  which  are  \  inch  thick,  to  preserve 
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ventilating  gaps.  Mr.  Crompton's  method  of  connecting  with 
the  driving  shaft  by  grooves  in  the  latter,  is  also  shown  in 
Fig.  247,  which  illustrates  a  shaft  with  three  grooves. 

Fig.  247. 


Driving  Shaft  of  a  Crompton  Dynamo. 

Owing  to  the  cost  of  manufacture,  these  grooved  shafts 
are  now  seldom  used ;  a  ribbed  sleeve,  which  slips  over  the 
cylindrical  shaft  and  is  driven,  by  a  long  feather,  is  less  costly 
and  equally  mechanical.  Fig.  248  illustrates  a  form  having 
such  a  sleeve ;  and  adapted  for  receiving  a  wire-winding  in 
one  layer  externally  and  two  layers  internally.  More 
recently  Mr.- Crompton  makes  the  four  projecting  flanges  in 
one  solid  structure  instead  of  four  separate  pieces. 


Fig.  24S. 


Fig.  249. 


Crompton's  Wire- wound 
Armature. 


Kapp's  Mode  of  Driving 
Core-disks. 


Kapp's  mode  of  driving  the  core-disks  is  shown  in  Fig.  249, 
which  should   be  compared  with   Plates   I.   and   II.     Over 
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the  shaft  is  slipped  on  a  long  sleeve  provided  with  three  pro- 
jectmg  flanges  to  support  the  core-disks.  This  sleeve,  which 
is  prevented  from  turning  by  a  long  feather  slightly  sunk  into 
a  key-way,  has  the  advantage  of  stiffening  the  shaft.  In 
armatures  for  ring-winding,  this  internal  structure  is  of  gun- 
metal  ;  in  those  for  drum-winding,  of  cast  iron.  It  is  pushed 
up  towards  a  face-plate  which  rests  against  a  shoulder  on  the 
shaft,  and  the  core-disks  are  tightened  together  between  the 
two  face-plates  by  a  nut  on  the  shaft. 

Brown's  mode  of  supporting  and  driving  the  core-disks  is 
shown  in  Fig.  250. 

Fig.  350. 


Brown's  Mode  of  Driving  the  Core-disk?. 

The  spiders  are  two  in  number,  each  having  four  internal 
web-spokes  and  wide  end-flanges.  They  fit  over  the  shaft, 
with  feathers  to  prevent  turning.  One  of  them  is  held  up 
against  a  shoulder  on  the  shaft;  and  after  the  core-disks  have 
been  assembled,  the  other  one  is  pressed  up  by  a  large 
hexagonal  nut.     It  will  be  noticed  that  two  of  the  webs  on 
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each  spider  are  ribbed;  the  core-disks  being  stamped  with 
notches  to  prevent  them  turning.  Of  the  four  web-spokes, 
two  are  long  and  two  short,  so  that  the  core-disks  may 
be  compressed  as  the  spiders  are  forced  together.  Ver>' 
similar  arrangements  for  holding  up  the  core-disks  exist  in 
Hopkinson's  "  Manchester*'  dynamos,  and  in  Holmes's  "Castle" 
dynamos. 

Another  arrangement,  admirable  for  its  strength,  is 
employed  in  Immisch's  motors  and  dynamos.  Upon  the 
shaft  are  placed  two  gun-metal  cones,  with  shallow  feathers 
to  prevent  turning.     In  each  cone  are  cut  three  slots  at  angles 

Fig.  251. 


Immisch's  Method  of  Driving  by  Two  Cones. 


of  120°,  the  bottoms  of  the  slots  also  sloping  cone-wise.  Into 
these  slots  fit  three  bridge-like  gun-metal  flanges,  with  pro- 
jecting lugs  at  their  ends,  to  hold  up  the  core-disks.  By 
screwing  up  a  nut  on  the  shaft  the  cones  are  pressed  together, 
and  thereby  the  three  flange-spokes  are  forced  outwards  and 
support  the  core-disks  at  three  points  of  their  internal 
periphery.  Coned  devices  resembling  more  or  less  this  highly 
mechanical  arrangement,  are  to  be  found  in  some  forms 
of  ring  armatures  designed  by  Spang,  and  in  others, 
designed  by  Raffard.     In  the  case  of  the  Immisch  machines 
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the  core-disks  are  neither  notched  nor  keyed;  but  at  the 
ends,  and  at  intervals,  thicker  iron  disks  are  inserted  with 
projecting  driving  horns. 

It  should  not  be  forgotten  that  compressing  stresses 
diminish  the  ms^etic  permeability  of  iron  in  the  direction  of 
the  stress ;  and  that  tensile  stresses  increase  the  permeability. 

Insulation  of  Iron  Cores, — Mention  has  been  made  of  the 
proper  mode  of  insulating  the  core-disks  internally  from  one 
another  by  interposing  paper  or  enamel.  Theoretically  there 
is  no  need  to  insulate  them  from  the  shaft  in  those  cases 
where  they  are  threaded  on  directly ;  it  is  at  their  peripheries 
mainly  that  they  must  be  prevented  from  making  metallic 
contacts  with  one  another.  But  beside  this  internal  insulation, 
they  must  be  protected  very  carefully  from  external  contact 
with  the  copper  conductors.  It  is  usual  to  serve  the  com- 
pleted core  with  one  or  two  coats  of  enamel  or  japan,  and 
then  to  cover  it  with  a  layer  of  some  tough  material  such  as 
canvas,  manilla-paper,  or  Willesden-paper,  well  varnished  with 
shellac  varnish  or  with  Scott's  rubber  varnish.  In  the  case  of 
cores  for  ring-winding,  particular  care  must  be  taken  to  insulate 
the  inner  periphery  and  the  driving  spokes,  where  the  internal 
windings  lie  near  them.  In  the  case  of  drum  cores,  the  ends 
must  be  well  protected,  and  those  portions  of  the  shaft  that 
are  close  to  the  ends.  In  Kapp's  ring  armatures,  pieces  of 
thin  vulcanized  fibre,  of  the  form  shown  in  Fig.  249,  p.  350,  are 
inserted  on  each  side  of  the  driving  flanges,  and  other  pieces 
are  coiled  around  the  internal  periphery  between  the  flanges 
in  the  manner  shown.  The  mode  of  insulating  the  cores  of 
Brush  rings  is  described  on  p.  455. 

Ventilation  of  Armatures. — Armature  cores  heat  from  three 
causes :  hysteresis ;  eddy  currents ;  and  heat  derived  from  the 
copper  conductors.  The  careful  lamination  and  insulation 
described  above,  are  but  means  to  prevent  waste  of  power  and 
to  avoid  risk  of  overheating.  In  the  case  of  ring-wound 
machines  there  is  usually  an  amount  of  surface  exposed 
sufficient  to  get  rid  of  the  heat  generated  in  the  conductors 
wthout  resorting  to  any  special  mode  of  ventilating.  But  in 
the  case  of  large  and  solidly  constructed  drum-armatures, 
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some  mode  of  forcing  the  ventilation  may  be  necessary.  In 
drum-armatures  with  the  old-fashioned  wire-windings  over- 
lapping the  ends,  adequate  ventilation  is  impossible.  As 
examples  of  ventilated  cores  the  reader  should  see  Crompton's 
armature,  Fig.  246,  p.  349 ;  Kapp's  drum-armature,  Plate  II., 
Fig.  I. 

In  the  case  of  drum-windings  having  end  connexions  built 
up,  the  arrangements  with  one  set  of  evolute  spirals  and  one  set 
of  straight  radial  pieces  (as  in  Fig.  212,  p.  322)  are  preferable 
to  those  with  two  sets  of  spirals  as  in  Fig.  214,  p.  323,  since 
the  former  have  a  better  fan  action.  Some  makers  use  spiders 
with  arms  sloped  like  the  sails  of  a  windmill,  so  as  to  propel 
air  through  the  interior  of  the  armature. 

Balancing  of  Armatures. — It  is  very  needful  that  armatures 
should  be  properly  balanced,  otherwise  they  will  set  up  in- 
jurious vibrations  in  running.  Most  makers  test  their  arma- 
tures for  balance  by  laying  the  journals  on  two  parallel  metal 
rails  (or  "  knife-edges  ")  and  noting  whether  the  armature  will 
remain  in  any  position  without  tending  to  roll.  It  is  well  indeed 
to  balance  them  thus  on  completing  the  core  ready  for  winding, 
and  again  after  winding.  If  the  end  core-disks  have  been 
made  of  thick  iron,  holes  can  be  drilled  in  these  to  restore 
perfect  balance  :  or  leaden  plugs  can  be  inserted. 

It  may  be  remarked  that  this  mode  of  observing  the 
statical  balance  is  not  perfect ;  for  if  the  masses  that  balance 
around  the  axis  are  distributed  unsym metrically  along  the 
axis,  there  will  be,  when  running,  a  tendency  to  spin  around 
the  axis  of  maximum  moment  of  inertia,  which  will  set  up  a 
vibration. 

Driving  Horns. — It  is  of  primary  importance  that  the  arma- 
ture conductors  should  be  properly  driven,  otherwise  they  may 
be  raked'  out  of  place  by  the  tangential  drag  in  the  magnetic 
field  (p.  III).  In  the  case  of  ring-windings,  such  injurious 
action  is  less  likely  to  occur  than  with  drum-windings,  as  the 
convolutions  which  thread  through  the  interior  of  the  core 
tend  to  bind,  and  press  against  the  driving  spokes.  But  even 
here,  it  is  found  needful  to  provide  positive  driving  at  a  number 
of  points  around  the  periphery.    Crompton  found  it  needful  to 
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drive  boxwood  wedges  in  between  the  core-disks.     He  then 
adopted  the  construction  of  Fig.  246,  p.  349,  in  which  the 
pieces  of  fibre  D  are  inserted  at  intervals  for  ventilation  be- 
tween the  core-disks  ;  the  gaps  so  left  being  convenient  for 
the  insertion  of  driving  horns  between  the  wires.     Kapp  uses 
projecting  narrow  steel  horns  protected  by  pieces  of  hard  fibre. 
Goolden  uses  strips  of  hard  white  fibre  inserted  into  shallow 
keyways  milled  out  of  the  surface  of  the  core ;  there  being 
usually  24  short  fibre  keys,  inserted  in  8  rows  of  3  each,  the 
rows  being  45°  apart    They  are  held  in  by  the  external  bind- 
ing wires.     For  discoidal  armatures  the  driving  horns  must 
project  at  the  flanks,  being  inserted  between  the  core  ribbons. 
Binding  Wires. — ^After  an  armature  has  been  wound  the 
conductors  must  be  secured  in  their  place  by  a  number  of 
external  bands,  known  as  binding  wires.    These  must  be  very 
strong,  to  resist  centrifugal  force  and  to  hold  the  conductors 
from  being  dragged  aside ;  and  yet  at  the  same  time  must 
occupy  very  little  radial  depth,  that  the  clearance  between 
conductors  and  pole-face  may  be  as  narrow  as  possible.     Some 
makers  use  hard-drawn  brass,  others  phosphor-bronze,  others 
steel,  for  binding  wires.     The  almost  invariable  practice  is  to 
employ  a  tinned  wire,  which,  after  winding,  can  be  sweated 
together  with  solder  into  a  continuous  band.     It  is  impossible 
to  give  rules  for  the  sizes  of  binding  wires.     A  frequent  size 
for  steel  wire  is  40  mils,  or  a  little  under  i  mm.  diameter. 
The  wire  is  wound  on  in  bands  of  from  10  to  30  turns  each ; 
the  separate  bands  being  spaced  out  at  distances  of  from  i  to 
2  inches  apart     Under  each  belt  of  binding  wires  a  band  of 
insulation  must  be  laid.    This  usually  consists  of  two  layers  ; 
first  a  strip  of  thin  vulcanized  fibre  slightly  wider  than  the 
band  of  wires,  and  then  a  strip  of  mica  (in  short  pieces)  of 
about  equal  width.     Some  makers  lay  a  small  strap  of  thin 
brass  under  each  band  of  binding  wires,  having  ends  which 
can  be  turned  over  and  soldered  down  to  secure  the  two  ends 
of  the  wire  from  flying  out      Fig.  252  depicts  a  completed 
drum-armature  of  Weston's  pattern  (compare  Fig.  243,  p.  348) 
showing  five  bands  of  binding  wires, 

Mr.  Esson  states  that  Messrs.  Paterson  and  Cooper  use 
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three  sizes  of  piano  steel  wire,  namely  18  mils,  20  m 
26  mils,  respectively  in  diameter.  On  a  drum  arma 
inches  in  diameter  and  12  inches  in  length  he  would  pi 

Fig,  252. 


Completed  Drum  Armature  (Weston's  Pattern). 

bands  of  iS-mil  {i.e.  No.  26  B.W.G.)  wire,  each  bam 
about  I  inch  wide  and  containing  about  thirty-three 
the  bands  being,  therefore,  rather  less  than  ij  jnche: 
On  a  drum  or  ring  20  inches  in  diameter  he  would  ust 
wire,  in  bands  ^  inch  wide,  about  2  inches  apart 

Winding  Arjiiatures. — Given  a  scheme  of  winding 
ing  to  any  of  the  modes  discussed  in  Chapter  X 
problem  remains  how  to  carry  it  out  in  the  factory. 
windings  may  be  considered  first,  then  drum-windings 
windings,  as  carried  out  by  Desroziers  and  by  Frits 
sufficiently  discussed  on  p.  337.  A  broad  distinction 
set  up  between  wire-wound  armatures  and  those  with  1 
coils  consisting  of  bars  and  connectors,  or  of  special 
structed  portions  that  are  put  together  instead  of  beinj 
on.  Wire-wound  armatures  are  usual  for  output; 
100  amperes,  including  all  arc-lighting  machines.  Fc 
tures  having  outputs  exceeding  200  amperes  bar-ar 
are  more  frequent,  owing  to  the  inflexible  nature  of  wi 
are  thick  enough  to  carry  these  currents.  The  two 
comprise  several  varieties  as  under ; — 


Wire-wound  A  km  at  u  res. 

Bar  Armatures. 

Single  round  wire. 

Two  or  more  round  wires  in  parallel. 

Stranded  wire. 

.Single  square  wire. 

Single  reclangolar  wire. 

Round  bars. 

Reclangular  bars. 
Imbricftted  rectangular  sir 
Rectangular  bars  of  compr 

stranded  wire. 
Special  foi^ngs. 
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Single  round  wire,  insulated  with  double  cotton  covering 
soaked  afterwards  with  shellac  varnish,  is  usually  adopted  for 
small  machines  and  arc-lighting  dynamos.  Messrs.  Goolden 
&  Co.  use  silk-covered  wire.  For  small  electroplating 
dynamos  it  is  frequent  to  use  several  round  wires  in  parallel, 
even  to  as  many  as  twenty  or  thirty  separate  wires  side  by 
side.  Wire-drawers  will  furnish  rectangular  wire  of  any 
desired  section ;  but,  for  greater  flexibility  in  winding,  a  rect- 
angular conductor  made  of  three  or  four  separate  strips  laid 
side  by  side,  and  then  served  with  a  coating  of  tape  to  hold 
them  together  is  preferable,  and  has  been  for  some  years  used 
in  Holmes's  dynamos.  It  has  the  advantage  of  partially 
eliminating  eddy-currents  in  the  conductors  themselves. 

For  bar-armatures  rectangular  bars  set  edge-ways  to  the 
core  are  more  frequent  than  round  bars ;  but  armatures  in 
which  solid  bars  are  used  are  liable  to  a  serious  waste  of  work 
that  does  not  occur  with  wire-wound  armatures.  When  the 
conductors  present  a  considerable  breadth,  eddy-currents  are 
set  up  in  them  as  they  enter  or  leave  the  magnetic  field,  owiiig 
to  the  fact  that  one  edge  of  the  bar  may  be  passing  through 
a  field  the  intensity  of  which  is  very  different  from  that  of 
the  field  through  which  the  other  edge  of  the  same  bar  is 
passing.  Assuming  a  peripheral  speed  of  1700  to  1800  feet 
per  second,  it  is  found  in  practice  impossible  by  any  shaping 
of  the  pole  comers  to  avoid  excessive  heating  of  solid  copper 
bars  on  the  armature  if  their  breadth  exceeds  S  mm.  The 
work  wasted  in  producing  these  eddy-currents  may  even 
reduce  the  efficiency  of  the  dynamo  by  more  than  5  per  cent. 
This  does  not,  however,  occur  in  those  armatures  in  which  the 
bars  are  sunk  deeply  between  teeth,  or  pass  through  holes  in 
the  core-disks.  To  reduce  such  losses,  bars  made  of  several 
strips  oxidized  on  the  surface,  or  lightly  insulated  by  oiling  or 
enamelling,  and  united  only  at  their  ends,  have  been  used. 
Crompton  ^  has  proposed  several  modes  of  twisting  or  imbri- 
cating around  one  another  two  or  more  strips,  so  as  more 
effectually  to  neutralize  the  eddy-currents.  More  recently  he 
and  other  makers  have  used  bars  made  of  stranded  copper 

*  See  y<mmal  Institution  Electrical  Engineers,  xix.  240,  1890. 
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wire  compressed  into  a  rectangular  form,  each  wire  being 
oxidized  or  lightly  insulated. 

Yet  another  mode  of  armature  construction,  described 
later,  consists  in  winding  the  insulated  wires  or  strips  upon 
special  formers  or  moulds,  in  groups  which  are  afterwards  laid 
on  or  around  the  armature  core.  One  advantage  in  such 
methods  is  the  greater  ease  of  securing  perfect  insulation 
between  those  parts  of  the  windings  which  differ  greatly 
from  one  another  in  potential.  In  drum-windings,  if  the 
conductors  lie  in  one  layer,  there  is  an  extreme  difference  of 
potential  between  each  conductor  and  its  next  neighbour. 
Whereas  if  they  lie  in  two  layers,  an  intermediate  sheet  of 
insulating  material  can  be  laid  between.  It  has  also  been 
su^ested  that  in  one-layer  windings  an  insulating  sheet  may 

Fig,  253. 


Insulation  of  Alternate  Windings, 

be  introduced,  as  in  Fig  253,  to  keep  the  two  sets  of  con- 
ductors apart 

Wire-wound  armatures  are  usually  well  served  with  shellac 
varnish  or  indiarubber  solution  after  the  winding  is  completed. 
They  should  be  well  dried  in  a  stove  at  steam-heat  after 
varnishing. 

Modfs  of  Winding  Ring  Cores. — When  a  ring  core  is  to  be 
wound  it  is  frequent  to  stencil  upon  the  end  faces  a  number  of 
radial  lines  corresponding  in  breadth  to  the  separate  sections 
so  as  to  guide  the  winder  in  his  work. 

For  ring-windings  there  is,  in  general,  little  trouble. 
Nevertheless  some  care  must  be  exercised.  The  separate 
"sections"  of  the  coil  are  almost  invariably  wound  on  the 
cores  separately,  leaving  the  ends  projecting,  secured  tem- 
porarily with  string,  and  these  ends  subsequently  connected 
together  and  to  the  commutator.  An  inexperienced  work- 
man may  easily  connect  up  wrongly ;  making  a  left-handed 
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winding  instead  of  a  right-handed  otic,  or  vice  versd.  Hence  it 
is  well  to  provide  him  with  some  such  working  drawing  as 
Fig.  254,  which  relates  to  a  right-handed  winding  having  four 
turns  in  each  section.  The  wire  marked  "  o "  is  the  last  or 
outer  end  of  the  section  previous  to  that  considered.  This 
end  will  eventually  be  brought  down  to  a  bar  a  of  the 
commutator,  and  from  this  bar  will 
go  out  the  beginning  or  left-bottom  fig.  354- 

end,  marked  L  B,  of  the  section  in 
question.     Looking  at  this  diagram 
the  winder  will    see   that   the   wire 
L  B  must  pass  under  the  core  to  the 
far  end  and  then  return  over  the  top, 
thus  making  turn  No.  i.    It  will  then 
bend  down  to  the  right,  be  threaded 
through  again,  and  make  turn  No.  2  ; 
again,  and    make   turn   No.    3 ;   but 
as  the  inner  space  is  narrower  than 
the    outer   space,   turn    No.   4   will 
probably  have  to  ride  on,  or  partly 
bed  between,  the  turns  already  wound.     The  right-top  end, 
marked  R  T,  will  eventually  be  joined  to  bar  b  of  the  com- 
mutator.    If  the  winder  is  shown  that  the  right-top  wire  of 
one  section  joins  the  left-bottom  turn  of  the  next  section 
at  the  commutator,  he  will   have   no   excuse  for  mistakes. 
The  winding  of  multipolar  rings  is  absolutely  similar,  provided 
as  many  brushes  are  applied  to   the   commutator   as   there 
are  poles. 

For  arc-lighting  armatures,  and  in  general  those  which 
have  numerous  convolutions  of  wire  to  each  section,  it  is  con- 
venient to  prepare  the  wire  in  separate  lengths  sufficient  for 
each  section,  and  to  coil  each  length  on  small  shuttles,  each 
length  being  wound  upon  two  shuttles,  which  are  alternately 
used  for  successive  layers.  By  this  device  both  ends  of  the 
wire  that  constitutes  a  section  are  brought  to  the  outside 
instead  of  one  of  them  leading  directly  down  to  the  bottom 
layer,  as  in  ordinary  bobbin  winding. 

For  those  machines  that  only  require  one,  or  two,  complete 
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turns  to  each  section,  it  is  common  to  have  the  copper  con- 
ductors prepared  beforehand  upoH  separate  formers,  and 
ready  taped  to  be  slipped  on  over  the  cores.  Crompton 
introduced   the  forms  illustrated   in   Fig.  255,  consisting  of 
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Fig.  255. 
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Windings  op  Crompton's  Armatures  (1886). 

drawn  copper  of  nearly  rectangular  section  twisted  at  the  ends 
so  as  to  pack  closely  in  the  interior  of  the  ring.  These  con- 
ductors are  sprung  on  over  the  ring  core,  with  appropriate 
insulation  between  them,  and  afterwards  coupled  up  so  as  to 
make  a  continuous  winding. 

In  the  large  multipolar  ring  dynamos  with  internal  field- 
magnet  and  external  commutator,  now  so  much  used  for 
central  stations  in  Germany,  the  windings  are  so  constructed 
that  their  outer  part  serves  also  as  commutator,  as  in  Plate  XL, 
F^g-  3«  The  ring  consists  of  core-disks  built  up  of  segmental 
plates,  shown  in  section  at  b,  Fig.  256,  supported  by  driving- 

FiG.  256. 


Construction  of  German  Multipolar  Ring  Armature. 

rods  a  which  pass  through  them.  After  being  covered  with 
suitable  insulation,  the  copper  conductors  c  d  are  slipped  on 
over  them,  and  coupled  up  to  make  a  continuous  spiral 
winding.  The  insulation  between,  as  used  by  Siemens  and 
Halske  who  introduced  this  type,  is  a  preparation  of  paper. 
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The  outer  part  d  of  the  copper  conductor  is  made  both  deep 
and  broad,  and  serves  as  a  commutator  bar.  The  brushes 
(not  shown)  are  fixed  upon  the  projecting  bar  e,  and  trail  on 
the  outer  periphery  of  the  copper  windings  of  the  ring.  At/ 
is  a  lever  for  raising  the  brushes  out  of  contact. 

Drum  Winding. — Drum  armatures  of  all  types  may  all  be 
regarded  as  modifications  of  Siemens'  well-known  longitudinal 
shuttle-form  armature  of  1856,  a  multiplicity  of  sections  of  the 
coils  being  employed  to  afford  practical  continuity  in  the 
currents.  The  drum  pattern  was  invented  in  1872  by  von 
Hefner  Alteneck,  of  the  firm  of  Siemens  and  Halske,  of  Berlin. 
In  this  system,  as  in  the  Gramme  ring  the  successive  "  sections  " 
or  groups  of  coils  that  are  wound  on  the  core,  are  connected 
together  continuously,  the  end  of  one  section  and  the  beginning 
of  the  next  being  both  united  to  one  bar  of  the  commutator. 
It  is  important  to  note  the  difference  between  this  and  the  ring 
winding.  In  a  ring  winding  the  volts  induced  in  any  one 
section  (at  a  given  speed)  depend  only  on  the  magnetic  field 
at  one  side  of  the  armature  ;  but  in  a  drum  winding  the  volts 
induced  in  any  one  section  depend  on  the  two  magnetic  fields 
at  the  two  sides,  since  each  winding  wraps  over  the  drum 
nearly  diametrically.  As  a  result,  drum-wound  armatures 
are  less  liable  to  spark ;  and  they  possess  a  smaller  self-induc- 
tion than  ring  windings. 

The  advant^es  of  the  drum  form  of  armature  appear  to  be 
(i)  that  they  require  somewhat  less  wire  than  the  ring  armature 
of  equal  size :  (2)  are  free  from  liability  to  false  inductions, 
p.  433),  and  therefore  more  independent  of  the  form  of  the 
pole-pieces ;  (3)  have  smaller  cross-magnetizing  tendency  than 
ring  armatures.  Their  disadvantages  hitherto  have  been : 
(i)  greater  difficulty  of  construction;  (2)  greater  difficulty  of 
securing  proper  insulation  on  account  of  overwrapping  of  con- 
ductors ;  (3)  greater  difficulty  of  ventilation ;  (4)  greater  diffi- 
culty of  executing  repairs. 

Siemens*  Dynamo. — In  some  of  the  earlier  patterns  of 
Siemens'  machines  the  cores  of  the  drum  were  of  wood,  over- 
spun  with  iron  wire  circumferentially  before  receiving  the 
longitudinal  windings.     In  another  of  their  machines  there  was 
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a  stationary  iron  core,  outside  which  the  hollow  drum  revolved  ; 
in  other  machines,  again,  there  was  no  iron  in  the  armature 
beyond  the  driving-spindle.  The  process  of  constructing  the 
armature  employed  down  to  the  year  1885  is  shown  in  Fig.  257. 
Upon  the  axle  are  secured  by  pins  two  stout  cheeks  of  gun- 
metal  to  form  the  ends  of  the  drum.  Between  these,  and 
resting  on  an  inner  projecting  rim,  is  wrapped  a  thin  sheet  of 
iron,  and  over  this  a  quantity  of  soft  iron  wire  is  wound  to 
form  a  core,  as  in  the  Gramme  armature.  A  number  of  cuts, 
equal  to  the  proposed  number  of  segments,  are  sawn  radially 
in  the  end  faces  of  the  gun-metal  cheeks,  and  in  these  cuts 
small  boxwood  wedges  are  inserted  to  facilitate  the  winding. 
The  coiling  of  the  sections  is  done  in  the  following  manner : — 
The  wire  is  carried  along  the  drum,  as  shown,  four  of  the 
strands  passing  to  the  left,  four  to  the  right  of  the  axle  at 
either  end,  and  is  then  ready  to  be  turned  over  to  meet  the 
connecting  piece  of  the  second  segment  of  the  commutator. 
From  this  point  the  next  section  will  start  in  a  like  manner  ; 
but  before  the  second  section  is  wound  the  drum  is  turned 
completely  over,  and  the  section  diametrically  opposite  to 
section  No.  i  is  wound  on  the  top  of  the  eight  strands 
already  wound.  Thus,  in  a  i6-part  armature,  section  No.  9 
lies  on  the  top  of  section  No.  i.  No.  10  on  the  top  of  No.  2, 
and  so  on,  there  being  two  layers  of  coils  all  over  the  drum. 
The  two  layers  must  be  thoroughly  insulated  from  one  another, 
to  ensure  that  parts  which  are  at  very  different  potentials 
shall  never  come  in  contact  with  one  another.  Although,  for 
the  sake  of  rendering  the  connexions  more  intelligible,  the 
commutator  is  shown  in  Fig.  257  in  its  place  on  the  axle,  it  is 
not,  as  a  matter  of  fact,  put  into  its  place  until  after  all  the 
sections  have  been  wound,  the  ends  of  the  wires  being  tem- 
porarily twisted  together  until  all  can  be  soldered  to  the 
connecting  strips  of  copper.  In  some  of  the  armatures  intended 
for  electro-plating  machines  there  are  four  layers  of  wire,  and 
the  wires  are  connected  together  four  or  eight  in  parallel  to 
reduce  the  resistance. 

So  far  all  is  simple,  but  when  we  pass  on  to  the  construction 
of  bar  armatures,  new  complications  arise. 
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To  connect  the  conductors  of  a  bar  armature  across  the 
ends  of  a  drum  is  not  so  simple  a  matter  as  might  at  first 
appear.  Suppose  that  a  scheme  of  connexions  has  been 
worked  out  beforehand  in  one  of  the  ways  described  in  Chapter 
XII.,  and  that  a  winding-table  has  been  prepared  in  which 
the  order  of  the  end  connexions  is  set  down.     It  yet  remains 

Fig.  457. 


Method  dp  Wi.ndinc  Siemens'  Aruatuke. 

to  determine  the  mechanical  devices  for  the  end  connexions 
which  shall  be  compatible  with  working  conditions.  The  end 
connectors  must  be  good  conductors,  sufficiently  well  insulated 
from  one  another,  allowing  of  repairs  and  ventilation,  and 
mechanically  sound.  Wire-wound  drums  present  an  ugly 
over-wrapping  at  the  ends,  which  stops  ventilation  and  hinders 
repairs.  Quite  early,  Messrs.  Siemens  devised,  for  their 
electro-plating  machines,  a  system  of  uniting  by  spiral  con- 
nectors the  ends  of  the  copper  bars.  To  connect  any  bar  with 
that  lying  next  to  the  one  diametrically  opposite,  two  spiral 
strips  of  copper  were  applied,  one  bending  inwardly,  the 
other  outwardly,  their  junction  being  mechanically  secured  to 
a  block  of  wood  on  the  shaft    Their  outer  ends  were  attached 
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to  the  bars  by  silver  solder.    At  each  end  of  the  drum  thesi 

spiral  connectors   constituted  two  separate   layers,       Thesi 

systems  of  spirals,  with  more  or  less  modification,  are  to  bi 

found  in  the  majority  of  recen 

Fig.  js8-  drum  armatures. 

In  Edison's  modification  of  thi 

drum      armature,      the     winding 

though  symmetrical  in  one  sense 

is  '  singular,     inasmuch      as     thi 

number   of    sections    is    an     odt 

number.     In    the    first  machine; 

there  were  seven  paths,  as   showi 

in   Fig.    208,   p.  319,   taken   fron 

Edison's    British    Patent    Specifi 

SiBUENs  Bar  Armature.       cation.     In  his   giant  "  steam  dy 

oamo"  (1883)  the  number  of  sec 

tions  was  forty-nine.    One  consequence  of  this  peculiarity  o 

structure  is,  that  if  the  brushes  are  set  diametrically  opposit 

to  one  another,  one  will  touch  the  middle  of  a  bar  of  the  com 

mutator  at  the  instant  when  the  other  slides  from  bar  to  baj 

In  Edison's  larger  dynamos,  the  armature  is  constructed '  c 

solid  bars  of  copper,  arranged  round  the  periphery  of  a  cor 


Akmature  of  Edison  Dynamo. 

consisting  of  thin  iron  disks  separated  by  mica  or  paper.  Fij 
259  shows  the  armature  removed  from  the  machine;  The  enc 
0/  the  bars  are  connected  across  by  washers  or  disks  of  coppe 
insulated  from  each  other,  and  having  projecting  lugs,  1 
which  the  copper  bars  are  attached.    Such  disks  present  muc 
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less  resistance  than  mere  strips  would  do.  To  make  the 
mode  of  connexion  plainer  the  diagrammatic  sketch  of  Fig. 
260  IS  given.  The  connexions  are  in  the  following  order  : — 
Each  of  the  forty-nine  segments  of  the  commutator  is  con- 
nected to  a  corresponding  one  of  the  forty-nine  disks  at  the 
anterior  end  of  the  drum  ;  and  this  disk  is  connected,  by  a 
lug-piece  on  one  side,  to  one  of  the  ninety-eight  copper  bars. 
The  current  generated  in  this  bar — say,  for  example,  the 
highest  of  the  three  bars  shown  in  Fig.  260 — runs  to  the 
farther  end  of  the  machine,  enters  a  disk  at  that  end,  crosses 

Fig.  260. 


Connexions  op  Edison  Armature. 

the  disk,  and  returns  along  a  bar  diametrically  opposite  that 
along  which  it  started.  The  anterior  end  of  this  bar  is 
attached  to  a  lug-piece  of  the  next  disk  but  one  to  that  from 
which  we  began  to  trace  the  connexions :  it  crosses  this  disk 
to  the  bar  next  but  one  to  that  first  considered,  and  so  round 
again.  The  two  lug-pieces  of  the  individual  disks  at  the 
anterior  end  are,  therefore,  not  exactly  opposite  each  other 
diametrically,  as  the  connexions  advance  through  ^  of  the 
circumference  at  each  of  the  forty-nine  paths.  To  simplify 
matters,  in  the  drawing  the  alternate  disks  and  bars  are  only 
indicated  in  dotted  lines.    Just  as  the  two  bars  shown  at  the 
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bottom  are  the  returns  for  the  currents  in  the  top  bars,  so 
there  must  be  top  bars  provided  as  returns  for  the  currents  in 
those  bars  (not  shown)  which  start  from  the  segments  of  the 
lower  half  of  the  collector.  The  dotted  lines  show  the 
position  of  these  return  bars.  The  construction  is  mechani- 
cally excellent,  but  it  does  not  admit  of  ventilation  ;  and  the 
stray  field  at  the  ends  of  the  armature  is  liable  to  set  up 
eddy-currents  in  the  substance  of  the  copper  disks. 

In  the  Edison- Hopkinson  armatures  built  by  Mather  and 
Piatt,  Edison's  device  has  been  abandoned  in  favour  of  a 
system  of  spiral  connectors,  as  already  described  on  p.  363. 
The  construction  of  Hopkinson's  armature,  as  carried  out  for 
a  machine  in  which  there  is  one  convolution  in  each  section  of 
the  winding,  is  indicated  in  Fig.  261. 

Fig.  261. 


I 


Section  of  Hopkinson's  Drum  Armature. 


The  core,  which  is  built  against  a  shoulder  on  the  shaft, 
consists  of  numerous  disks  of  thin  iron,  but  with  a  few  thicker 
core-disks,  d^  d,  interposed  at  the  ends  and  at  intervals  between. 
These  are  clamped  up  by  nuts  at  the  end  near  the  commutator 
C.  The  conductors  of  copper  are  provided  with  driving  lugs 
s  s,  which,  properly  insulated,  project  into  notches  cut  in  the 
thick  core-disk.  The  systems  of  spiral  connectors  are  shown 
in  section  at  qq.  At  the  commutator  end  they  join  the  con- 
ductors down  to  a  set  of  copper  pieces  «,  which  run  to  the 
corresponding  bars  of  the  commutator.     At  the  other  end. 
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the  spirals  are  inserted  into  a  set  of  copper  pieces  b  assembled 
around  a  wooden  hub  h  by  which  they  are  driven,  being 
screwed  in  through  end  lugs.  For  armatures  in  which  each 
section  consists  of  two  convolutions,  it  is  necessary  to  provide 
four  layers  of  spiral  connectors  at  each  end. 

Many  successive  modes  of  drum  connexion  have  been 
tried  by  Mr,  Crompton.  In  conjuction  with  Mr.  Swinburne 
he  devised  a  method  of  connecting  the  conductors  of  a  drum 
armature  which  enables  the  core  to  be  ventilated.  .  The 
fundamental  point  in  this  construction  is  illustrated  by  the 
simple  form  sketched  in  Figs.  262  and  263,  There  is  only 
one  layer  of  conductors  outside  the  core,  and  these  consist 

Fig.  262.  Fig.  163. 


0  Swinburne's  Mbthod  of  Drum  Winding. 


of  copper  wire  of  narrow  rectangular  section  set  edgeways. 
Every  alternate  conductor  of  the  set  is  bent  radially  inwards 
for  a  certain  distance,  and  then  recurved  outside  again  parallel 
to  the  axis  of  the  drum.  The  conductors  that  lie  between 
them  are  prolonged  straight  outwards  to  a  certain  length. 
The  result  of  this  arrangement  is  that  there  are  two  con- 
centric sets  of  projecting  ends.  Connexion  is  made  by  a 
spirally-bent  strap  of  copper  from  the  ends  of  one  of  the 
outer-  straight   set   to   one   of  the   inner  recurved  set ;    for 
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example,  to  the  one  that  lies  next  to  that  at  the  diametr 
cally  opposite  point  of  the  periphery.  In  Figs.  262  and  26 
which  depict  the  connexions  at  one  end  of  a  simple  six-pai 
armature  (the  six-part  commutator  at  the  other  end  is  n( 
shown),  conductor  1  is  connected  in  this  manner  to  conductc 
i'.  At  the  other  end  of  conductor  1'  (not  shown)  there  woul 
be  a  similar  cross-connexion  to  the  far  end  of  conductor  3 
and  the  near  end  of  2  is  joined  to  2' ;   and  so  forth.      Or  th 
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same  method  of  connecting  by  spiral  straps  may  be  applie* 
to  winding  across  a  shorter  chord,  as  on  Swinburne's  plan  c 
chord  winding  (p.  304).  The  method  of  connecting  by  spiral 
of  copper  differs  from  that  adopted  in  the  Siemens  electro 
plating  dynamos.  Fig.  258,  p.  364,  in  the  use  of  the  cranke. 
pieces.  In  the  actual  construction  of  large  drum  armature 
the  Crompton  and  Swinburne  construction  is  more  complc-s 
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as  it  is  impossible  with  a  very  large  number  of  conductors  to 
find  room  for  all  the  spiral  connectors  in  one  whirl.  Accord- 
ingly, there  are  two  separate  layers  of  spiral  conductors,  the 
projecting  extremities  of  the  conductors  at  the  ends  of  the 
drum  being  themselves  made  alternately  long  and  short,  the 
short  projections  being  connected  by  one  layer  of  spirals, 
and  the  long  projections  being  connected  by  another  layer 
of  spirals.  The  armature  as  so  constructed  is  depicted  in 
Fig.  264.  The  difficulty  of  getting  at  the  inner  spirals  in  this 
construction  led  to  another  suggestion  by  Crompton  and 
Kyle,  namely,  turn  the  spiral  connectors  outward  instead  of 
inward,  at  the  ends  of  the  drum,  which  thus  becomes  enlarged 
in  diameter. 

The  present  modes  used  by  Crompton  for  drum  armatures 
are  sketched  in  Figs.  265  and  266. 

In  the  first  of  these,  which  is  for  a  2-pole  dynamo,  the 
spiral  connectors,  stamped  out  of  sheet  copper,  are  driven  by 
mechanical  attachment  to  a  clamping  sleeve  keyed  to  the  shaft. 
In  the  second,  which  is  for  a  4-pole  machine,  the  spiral  con- 
nectors, being  shorter,  do  not  require  to  be  similarly  tongued. 
The  conductors  are  made  of  stranded  wire  compressed  to 
rectangular  section. 

A  method  based  on  that  of  Paris  and  Scott  is  used  by 
Kapp  both  for  bipolar  and  multipolar  drums.  The  connectors 
are  stamped  out  from  this  sheet  copper  in  the  form  of  semi- 
circular or  quadrantal  arcs,  provided  with  lugs  (as  shown  on 
Plate  II.,  Fig.  2)  which  can  be  bent,  one  forward,  one  back- 
ward, thus  enabling  connexions  to  be  made  by  a  whole  series 
of  such  connectors  arranged  skew-wise,  with  suitable  insulation 
between,  in  a  carriage  or  bobbin  mounted  on  the  shaft  The 
connectors  are  assembled  together  to  the  proper  number,  and 
held  in  with  binding  wires  in  the  channel  of  this  carriage, 
which  is  then  put  in  place,  and  the  lugs  are  soldered  into 
grooves  cut  in  the  ends  of  the  armature  conductors,  which,  for 
this  pprpose  are  made  alternately  long  and  short  at  their  ends. 
The  best  way  to  understand  this  method  is  td  make  a  few 
model  connectors  in  paper  or  cardboard,  and  lay  them  over 
one  another. 

2  B 
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Eickemeyer's  mode  of  construction  difTers  from  the  pre- 
ceding, in  being  applicable  both  to  wire-wound  drums  and  to 
strip-wound  drums.     In  it,  each  section,  whether  consisting  of 

Fig.  167. 


Skpabate  Sbction  of  ErctcBUEVSK's  Akhatuke, 

many  convolutions  or  of  only  one,  is  first  shaped  upon  a 
separate  former,  and  each  such  section  is  separately  insulated. 
F^.  267  shows  the  form  given  to  the  sections.   The  lower  part 
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nill  form  part  of  an  inner  layer,  and  the  upper  part,  which  is 
longer,  will  form  part  of  an  outer  layer  in  the  assembled 
windings.  The  completed  armature,  with  its  binding  wires, 
is  shown  in  Fig.  268.  The  narrow  neck  between  the  drum  and 

2  B  2 
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the  commutator  is  necessitated  by  the  form  of  field-magnet 
(Fig.  128,  p.  203)  adopted  in  this  machine.  The  Eickemeycr 
winding  has  also  been  adopted  by  the  Edison  Company '  in 
its  recent  machines. 

Fig.  269. 


Alioth's  Drum  Armatuke. 

Fig.  269  depicts  a  drum  armature  by  Alioth,  of  Basel 
having  four  layers  of  spirals  at  each  end,  designed  for  a  4-poli 
field. 

■  See  EUttriial  World,  xvi.  249,  1890. 


CHAPTER  XIV. 

COMMUTATORS,  BRUSHES,  AND  BRUSH-HOLDERS. 

Dynamos  for  furnishing  direct  currents  require  a  com- 
mutator (sometimes  called  a  collector)  and  brushes  to  collect 
the  current.  The  essential  action  of  these  organs  has  been 
already  described  (see  pp.  39  and  84)  ;  and  the  causes  that 
give  rise  to  sparks  are  discussed  in  Chapter  IV.,  p.  83,  and  in 
Chapter  XVI.  We  have  now  to  consider  the  design  and 
construction  of  these  organs. 

We  may  distinguish  three  types  of  apparatus  for  collecting 
the  currents  from  dynamo-machines. 

I.  Direct-current  dynamos  with  closed-coil  armatures,  as 
used  for  incandescent  lighting  and  other  work  requiring  a 
constant  or  nearly  constant  potential,  are  furnished  with  a 
commutator  of  the  Pacinotti  type,  that  is  to  say  consisting  of 
a  considerable  number  of  parallel  bars  secured  around  an 
insulating  hub,  and  presenting  a  cylindrical  surface,  against 
which  press  a  pair  (or  in  some  cases  more  than  one  pair)  of 
brushes  or  sets  of  brushes. 

II.  Direct-current  dynamos  of  the  open-coil  type,  as  used 
for  arc  lighting,  and  giving  a  constant  or  nearly  constant 
current,  are  provided  with  a  commutator  consisting  of  a  com- 
paratively small  number  of  segments,  each  covering  a  con- 
siderable angle,  and  separated  by  air-gaps  from  one  another. 
These  are  described  in  Chapter  XVII. 

III.  Alternators  with  revolving  armatures  need  a  pair  of 
collecting  rings  of  metal,  each  provided  with  one  or  more 
brushes,  or  some  analogous  device  to  form  a  sliding  connexion 
with  the  circuit.  Alternators  with  revolving  field-magnets 
need  a  similar  device  to  convey  the  exciting  current  to  the 
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moving  coils.  These  devices  are  considered  at  the  end  of  the 
present  Chapter,  which  is  in  the  main  devoted  to  apparatus  of 
the  first  of  the  three  classes  enumerated. 

Commutator  Bars, — The  number  of  bars  of  the  com- 
mutator depends  on  the  scheme  of  winding  and  on  the 
number  of  sections  in  which  the  armature  winding  is  grouped. 
Increasing  the  number  of  bars  diminishes  the  tendency  to 
spark  (p.  87)  ;  and  lessens  the  fluctuations  of  the  current, 
(p.  221.)  An  even  number  of  bars  is  preferable  to  an  odd 
number;  and  for  ring-wound  armatures  the  cores  of  which 
are  usually  carried  on  three-armed  spiders,  it  is  preferable  that 
the  number  of  bars  should  be  a  multiple  of  three.  There  are 
however,  two  practical  reasons  against  making  the  number  of 
bars  very  great.  Increasing  the  number  increases  the  cost. 
Again,  in  large  machines  having  but  one  turn  of  the  arma- 
ture winding  from  each  bar  of  the  armature  to  the  next, 
the  number  cannot  be  greatly  increased  without  exceeding 
the  voltage  desired.  For  example,  in  an  Edison-Hopkinson 
machine  for  an  output  of  1 100  amperes  at  105  volts,  only  43 
convolutions  are  required.  On  the  other  hand,  it  is  found  for 
small  dynamos,  that  if  the  number  of  bars  is  increased,  each 
bar  becomes  so  thin  that  a  brush  of  the  proper  thickness  to 
collect  the  current  would  bridge  more  than  two  commutator 
bars  at  once.  Again,  the  bars  should  be  of  a  length  pro- 
portioned to  the  number  of  amperes  that  is  to  be  taken  oflF 
at  them.  Modern  practice  varies  somewhat,  but  it  may  be 
fairly  represented  by  some  such  figure  as  i '  2  inches  for  every 
100  amperes.  The  mode  of  attachment  of  the  bars  should  be 
such  as  to  make  the  greatest  amount  of  length  available. 
They  should  also  be  of  considerable  radial  depth,  to  allow 
for  wear,  as  the  commutator  needs  to  be  turned  down  from 
time  to  time  to  preserve  cylindricity.  As  for  the  material 
most  makers  use  hard-drawn  copper,  made  in  long  lengths 
of  the  proper  section,  and  cut  off  to  the  length  required. 
Some  American  makers  use  drop-forgings  of  copper,  stamped 
to  shape  with  projections  for  clamping  and  connecting  to  the 
windings.     Crompton  has  used  phosphor  bronze,  but  now  casts 
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a  special  aJloy  of  copper  containing  a  very  small  percentage 
of  silver. 

Insulation. — It    is    needful    to    have    a  good  insulation 
between  each  bar  and  its  neighbours,  and  a  specially  good 
insulation  between  the  bars  and 
the  sleeve  or  hub  around  which  ^°-  ^V^ 

they  are  mounted,  and  also  be- 
tween the  bars  and  the  clamp- 
ing devices    that    hold  them ; 
for  the  difference  of  potential 
is  small  between  neighbouring 
bars,  and  much  larger  between 
the  bars  and  other  metal-work. 
The    insulating    material    must 
not  absorb  oil  or  moisture :  hence 
asbestos  and  plaster  are  inad- 
missible.    Vulcanized  fibre  and 
Willesden  paper  arenot  bythem- 
selves  adequate,  though  mechani- 
cally strong.  Mica  is  the  only 
satisfactory  material.     Commu- 
tators  with  air-gaps  between  the  bars  have  been  used  by 
Ayrton  and  Perry,  by  Hochhausen,  and  by  Siemens  and 
Halske  {p.  508).     In  Hochhausen's  machine  the  commutator 
(Fig.  270)  consisted  of  L-shaped  bars  bolted  to  a  disk  of 
slate.     The  trouble  with  air-insulation   is  to  keep  the  gaps 
from  being  filled  by  metallic  dust  from   the  wearing  of  the 
brushes. 

Construction  of  Commutators. — F^.  271  shows  the  con- 
struction adopted  by  Messrs.  Paterson  and  Cooper,  The  bars 
are  clamped  in  place  by  fitting  at  one  end  into  a  groove 
in  a.  gun-metal  sleeve,  and  at  the  other  by  an  external 
clamping  ring  which  is  forced  over  their  bevelled  ends  by  a 
large  screw-washer.  The  insulation  is  carried  out  by  thin  slips 
of  mica  between  the  bars,  and  layers  of  mica  and  vulcanized 
fibre  around  the  sleeve  and  clamping  surfaces.  The  clamping 
ring  in  this  case  reduces  the  available  surface  for  the  brushes. 
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In  the  Giilcher  Co/s  machines  a  construction  is  adopted 
which  is  illustrated  by  Figs.  272  and  273,  and  of  which  a 
section  is  given  in  Fig.  274.  The  drawings  relate  to  a  4-pole 
machine  with  only  two  sets  of  collecting  brushes.  Here  also 
the  bars  of  the  commutator  are  assembled  around  a  sleeve 
fixed  on  the  shaft,  but  are  so  arranged  that  their  whole  length 
is   available  for  contact  with   the   brushes;   being  held  in 


1 


Fig.  271. 


Q 

Pate&son  and  Cooper's  Commutator. 

position  at  their  ends,  with  insulation  between  the  V-shaped 
nicks  in  the  bars  and  the  clamping  pieces  which  enter  them. 

A  very  similar  arrangement  obtains  in  Kapp's  dynamo 
(Fig.  I,  Plate  IL),  in  which  the  clamping  nicks  in  the  ends 
of  the  bars  are  made  deep  ;  the  end  insulation  being  effected 
by  three  rings  of  vulcanized  fibre,  one  flat  the  other  two  conical, 
which  fit  into  the  ends  of  the  assembled  bars.  It  is  good  that 
a  sufficient  leng^th  of  insulating  surface  should  exist  between 
the  bars  and  the  metal  mountings,  for,  as  in  the  case  of 
telegraph  insulators,  there  is  less  likelihood  of  a  fault  occur- 
ring if  the  possible  leakage-path  over  a  dirty  surface  is  a  long 
path,  than  if  it  is  short. 

In  building  commutators  it  is  usual  to  assemble  the  bars 
to  the  proper  number,  with  the  interposed  pieces  of  mica. 
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clamping  them  temporarily  around  the  outside  with  a  stror 
iron  clamp,  or  forcing  them  into  an  external  steel  ring  t 
hydraulic  pressure.  They  are  then  put  into  the  lathe  and  tl 
interior  cylindrical  surface  is  bored  out.  Then  the  ends  a 
turned  up,  with  the  annular  hollows  to  receive  the  clampir 
pieces.  The  whole  is  then  mounted,  with  proper  insulatio 
upon  the  sleeve,  and  the  end  clamping  pieces  are  screwed  u 
It  is  then  heated  in  a  stove,  and  the  end  clamping  pieces  a 
further  tightened  up.     Lastly  the  temporary  external  clam] 

Fig.  S74- 


GuLCHEK  Co.'s  Commutator.    (Seciioo.) 

or  rings  are  removed  and  the  external  surface  is  turned  i 
true.  The  sleeve  should  be  properly  keyed  or  otherwi 
secured  to  the  shaft,  that  there  may  be  no  slip  between  it  ai 
the  armature  to  which  it  is  afterwards  connected.  In  all  t 
last  forms  depicted,  connexion  is  made  with  the  armatu 
conductors  by  means  of  strips  or  wires  of  copper,  which  a 
inserted  into  a  cut  sawn  in  the  comer  of  each  bar,  and  firm 
held  there.  A  good  mode  is  to  rivet  the  strip  connectors  in 
the  comers  of  the  bars  before  they  are  assembled,  each  rivet 
joint  being  also  sweated  in  with  solder. 

It  is  important  that  these  connecting  strips  should 
*  properly  attached,  since  they  are  subjected  to  consideral 
mechanical  forces.     Twice  in  each  revolution  each  such  sti 
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carries  a  strong  current ;  and,  owing  to  the  existence  of  a 
stray  magnetic  field,  is  consequently  racked  toward  one 
side.  Before  this  was  understood  it  gave  rise  to  frequent 
accidents. 

In  some  large  recent  machines  there  is  no  separate  com- 
mutator ;  the  brushes  trailing  against  some  part  of  the  copper 
conductors  of  the  armature  winding  themselves.  This  is  the 
case  with  the  great  Siemens  dynamo  at  Berlin  (Plate  XI. 
and  Fig.  256,  p.  360)  ;  the  Edison  Company's  multipolar 
dynamo  (Plate  XIIL)  ;  and  the  Willson  dynamo. 

Brushes. — The  kind  of  brush  most  frequently  used  for 
receiving  the  currents  from  the  collector,  consists  of  a  quantity 
of  straight  copper  wires  laid  side  by  side,  soldered  together  at 
one  end,  and  held  in  a  suitable  clamp.     The  number  of  points 

Fig.  275. 


Different  Kinds  of  Brushes. 

of  contact  secured  by  this  method  is  advantageous  in  reducing 
sparking.  Two  layers  of  wires  are  often  thus  united  in  a 
single  brush,  as  shown  in  Fig.  275  a. 

Brushes  are  also  made  of  broad  strips  of  springy  copper 
slit  for  a  short  distance  so  as  to  touch  at  several  points,  Fig. 
2S7  b.    Such  are  used  in  the  Brush  and  Thomson-Houston 
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arc-light  dynamos.  This  kind  of  brush  is  usually  set  tan- 
gentially  to  the  surface  of  the  commutator,  not  sloping  to  it 
at  an  angle  as  is  the  case  with  the  thicker  kinds  of  brushes. 

Edison  has  used  as  brushes  a  number  of  copper  strips 
placed  edgeways  to  the  collector,  and  soldered  flat  against  one 
another  at  the  end  furthest  from  the  collector,  Fig.  275  c.  Here 
also,  the  object  in  view  was  the  subdividing  of  the  spark  at 
the  contact.  In  some  of  the  Edison  machines,  a  compound 
brush  made  up  alternately  of  layers  of  wire,  like  Fig.  275  a, 
and  slit  strips  of  copper,  like  Fig.  275  Cy  has  been  adopted. 

Other  makers  have  used  a  number  of  very  thin  copper 
strips  laid  over  one  another  as  in  Fig.  275  dy  held  together  in 
a  suitable  clamp. 

During  the  past  few  years  gauze  brushes  have  come  into 
fashion,  sheets  of  copper  wire  gauze  being  rolled  up  and 
compressed  as  in  Fig.  275  e.  In  order  to  avoid  fraying  at  the 
front  edge  it  is  usual  to  fold  the  gauze  obliquely,  as  in  Fig.  275 
/ ;  the  wear  is  then  more  uniform.  Rotating  brushes  in  the 
form  of  metal  rollers  or  disks  were  first  used  by  Holmes  (see 
p.  11),  and  have  also  been  tried  by  Gramme,  and  others  have 
been  suggested  by  Sir  W.  Thomson  and  Mr.  C.  F.  Varley. 

It  was  suggested  ^  by  Professor  G.  Forbes  to  replace  the 
brush  by  a  slab  of  fine-grained  and  good  conducting  carbon. 
Carbon  brushes  are  indeed  used  now  frequently,  both  for 
dynamos  and  for  motors. 

It  is  usual,  for  all  but  the  very  smallest  machines,  to  place 
at  least  two  brushes  side  by  side  (as  in  Fig.  330,  p.  488), 
instead  of  one  broad  brush.  This  allows  of  either  brush 
being  removed  for  trimming  and  replaced,  while  the  machine 
is  running.  It  also  tends  to  equalize  the  wear  of  the  com- 
mutator, each  brush  being  separately  pressed  against  the 
surface.  No  rule  can  be  given  for  the  number  or  breadth  of 
brushes  that  will  apply  to  all  cases.  Some  makers  reckon  an 
additional  inch  breadth  of  brush  for  each  hundred  amperes  of 
output  Nor  is  it  easy  to  give  a  general  rule  for  the  thickness 
of  brushes.  A  thickness  that  will  bridge  the  film  of  insulation 
between  bar  and  bar  is  not  sufficient,  for  each  section  of  the 

>  Specification  of  Patent  1288  of  1885. 
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winding  requires  to  be  short-circuited  for  a  certain  brief  time, 
in  order  tliatthe  current  in  it  may  be  reversed.  The  mininium 
thickness  of  brush  (or  breadth  of  its  oblique  end)  seems  to 
be  about  i\  times  the  thickness  of  the  commutator  bar. 
There  is  no  objection  to  a  greater  thickness  in  those  dynamos 
that  have  a  large  neutral  zone  about  the  neutral  point,  or 
in  which  the  curve  of  induction  (Fig.  SS  p.  70)  has  a  broad 
flat  top.  But  when  a  brush  of  great  thickness  is  used  another 
effect  arises,  namely,  a  waste  in  heating  owing  to  the  difference 
of  potential  between  the  parts  of  the  commutator  respectively 
in  contact  with  the  advance  edge  and  hinder  edge  of  the 
bmsh.    To  reduce  this  effect 


it  has  been  proposed  to  use 
two  thin  brushes,  one  in  front 
of  the  other,  instead  of  a 
single  thick  one,  with  a  certain 
amount  of  resistance  between 
them.  Messrs.  Goolden  & 
Company  have  used  wire 
brushes  with  the  separate 
wires  oxidized  so  as  partially 
to  insulate  them  one  from 
the  other,  their  distant  ends 
only  being  soldered  together. 
The  angle  at  which  brushes 
are  set  to  bear  upon  the  com- 
mutator varies  with  the  con- 
struction. .  As  a  rule  the  brush 


Fic  376. 


Various  Collbcting  Brushes. 


set  sloping  at  an  angle,  the 


lip  of  the  brush  being  raked  in  the  direction  of  the  rotation, 
so  that  it  may  not  trip  on  the  edges  of  the  commutator-bars 
In  Fig.  276  a,  is  shown  the  case  of  a  brush  such  as  Fig.  275  b 
set  tangentially,  as  in  arc-light  machines.  In  Fig.  276  b 
is  a  thick  brush  with  bevelled  end  set  at  about  45°,  as  in 
most  constant-pressure  dynamos.  Fig.  276  c,  shows  a  form 
of  brush  devised  by  Holroyd  Smith  for  use  in  motors,  per- 
mitting of  reversal  of  direction.  Blocks  of  copper  or  gun- 
metal  are  attached  to  levers  furnished  with  rubber  bands  to 
afford  contact-pressure.     In  Fig.  276  d,  is  shown  a  carbon 
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brush  also  adapted  for  use  in  reversing  motors ;  the  brus 
a  rectangular  block  of  carbon,  being  pressed  radially  throu^ 
a  metal  slide  against  the  commutator. 

In  many  cases  where  carbon  brushes  are  used  they  are  s 
to  rake  in  a  direction  opposite  to  the  rotation,  so  that  the  em 
pressure  may  be  greater  when  running.     Fig.  277  illustrat 


Carbon  Brush-holder. 

the  form  of  carbon  brush-holder  designed  by  Mr.  A.  T.  Sn< 
for  use  in  mining  motors. 

Brush-holders  and  Rockers. — The  mechanism  for  holdii 
the  brushes  must  fulfil  certain  mechanical  and  electric 
conditions  ;  they  are  as  follows : — 

(r.)  The  brushes  must  be  held  firmly,  and  joined  with 

good  metallic  contact  to  their  circuit. 
(2.)  Brush-holders  must  permit  brushes  to  be  withdrav 

or  fed  forward  as  required, 
(3.)  Brushes  must  be  held  to   make  contact  at  prop 

angle  to  the  surface  of  the  commutator. 
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(4.)  Brushes  must  bear  with  proper  pressure  upon  the 
commutator ;  if  too  light,  they  will  jump  and  spark  ;  if 
too  heavy  they  will  cut  the  commutator  into  ruts. 

(5.)  Brush-holders  must  permit  brushes  to  be  raised  from 
contact, 

(6.)  They  must  also  permit,  by  a  proper  mechanical  catch, 
of  the  brushes  being  held  raised  out  of  contact.- 

(7.)  Insulated*handles  should  be  provided  for  all  dynamos 
working  above  100  volts,  so  that  the  brushes  may  be 
raised  and  adjusted  without  risk  of  shocks. 

(8.)  The  insulation  of  the  brush,  or  of  brush  and  brush- 
holder  together,  must  be  very  thorough. 

A  characteristic  e^cample  of  brush-holders  is  afforded  by 
those  of  the  Gttlcher  Company's  machine.  Fig.  273,  p.  377. 
This  is  a  four-pole  machine  (cross-connected),  and  therefore, 
the  two  brushes  must  make  contact  at  two  points  90"^  apart. 
A  very  similar  example,  designed  by  Mr.  W.  C.  Mountain  for 
the  "Tyne  "  dynamo,  is  given  in  detail  in  Plate  XV.,  which  also 
shows  the  construction  of  the  commutator  and  the  rocker. 
The  rocker  R,  in  Figs,  i  and  2  of  this  plate,  consists  of  a 
wrought  iron  ring  in  two  parts,  which  is  clamped  together  by 
bolts  upon  a  raised  rim  on  the  bearing.  To  this  rocker  are 
attached  a  handle  H  for  shifting  it  so  as  to  bring  the  brushes 
to  the  neutral  point,  and  a  couple  of  projecting  lugs  L  (one 
only  shown)  to  carry  the  brush-holder  rods,  M.  The  latter 
are  mechanically  secured  to  the  rocker  lugs  by  screw  nuts 
which  hold  them  tightly ;  but  they  are  electrically  kept  from 
making  contact  with  the  rocker  by  the  interposition  of  an 
insulating  bush  and  washers  of  ebonite.  Upon  the  rods  M 
are  placed  the  brush-holders  A,  which  can  tiim  hinge-wise 
upon  them.  Between  the  hinges  of  A  is  fixed,  by  a  screw  F, 
a  middle  piece  D  with  a  projecting  tail.  The  brush  B  passes 
through  a  slot  in  A,  being  clamped  by  a  screw  G.  The 
current  is  brought  to  the  brush-holders  by  flexible  conductors, 
which  are  soldered  into  sockets  provided  for  the  purpose. 
The  brush  is  pressed  forward  by  a  compressed  spiral  spring, 
the  force  of  which  can  be  regulated  by  a  screw  through  the 
projecting  tail  of  D  ;  whilst  it  can  be  held  off  by  means  of  the 
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catch  K,  which  can  be  pulled  back  and  slipped  into  a  cleft  on 
the  end  of  D.  In  Fig.  273,  p.  377,  which  depicts  the  similar 
mechanism  of  the  Giilcher  dynamo,  one  of  the  hold-off  catches 
is  caught  in  the  cleft. 

The  rocker  and  brush-holders  of  the  Phoenix  dynamo  are 
depicted  in  Plate  XV..  Figs.  4  and  5.  The  method  of  insulat- 
ing is  here  the  same,  but  the  requisite  pressure  is  obtained  by 
coiling  a  spring  around  the  rod  ;  and  the  holding-off  catch  is 
a  pin  which  can  engage  in  a  cavity  in  the  rod. 

The  rocker  and  brush-holders  of  the  Kapp  2-pole 
dynamo  are  shown  in  detail  in  Plate  III.  Here  the  mode 
of  insulating  is  the  same,  but  the  current  is  led  into  a  thick 
washer  G  ;  the  contact-pressure  is  produced  by  an  extended 
spiral  spring  stretched  between  a  lug  on  the  holder  A  and  the 
fixed  tail  D  ;  and  the  hold-off  catch  K  is  constituted  by  a 
straight  spring  which  engages  in  a  notch  on  the  corner  of  A 
and  is  released  by  pressing  up  the  piece  Q,  which  is  made  of 
hard  fibre.  P  is  a  pointer  for  setting  the  brushes  to  the  right 
position  in  the  holder. 

A  somewhat  cruder  example  is  afforded  by  the  brush- 
holders  of  the  Edison  dynamo,  Plate  XIV.,  Figs,  i  and  2, 
in  which  there  is  no  hold-off  catch,  but  the  brushes  are  raised 
when  required  to  be  held  off,  by  turning  the  screw  that  tightens 
the  contact-spring. 

Another  set  of  arrangements  of  brush-holder,  rocker,  and 
catches  is  depicted  in  Plate  XIX.,  giving  the  details  of  the 
"  Agir  "  motor. 

A  .defect  in  the  method  of  insulating  by  means  of  a  bush 
upon  the  brush-holder  rod,  is  its  liability  to  permit  the  rod  to 
turn.  A  more  solid  construction  is  that  of  Messrs.  Barley  and 
Stevenson,  Figs.  278,  who  flatten  out  the  end  of  the  holder- 
rod  H,  and  clamp  it  to  an  expansion  of  the  rocker  R  by 
means  of  two  conical  bolts  A ;  insulation  being  secured  by  an 
interposed  layer  L,  and  two  conical  bushes  C  of  ebonite  or  fibre. 

An  excellent  form  of  brush-holder;  which  permits  the 
brushes  to  be  fed  forward  longitudinally  by  a  screw  motion 
as  required,  has  been  devised  by  Messrs.  Goolden  &  Co.,  and 
has  a  cam-motion  for  holding-off. 
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Various  inventors  have  tried  to  simplify  the  construction ; 
amongst  them,  Parsons  has  proposed  to  substitute  weights  for 
springs  to  give  the  requisite  pressure. 


Fig.  278. 


L 


H 


Barley  and  Stevenson's  Insulated  Brush-holder  Rod. 


Fig.  279. 


Siemens  and  IIalske's  Brush-holder. 


A  very  simple  and  effective  form  of  brush-holder,  intro- 
duced by  Siemens  and  Halske,  is  used  largely  in  Germany. 
In  this  form,  Fig.  379,  the  clamp  which  holds  the  brush  is 

2  C 
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set  on  the  end  of  a  curved  support  s  made  of  several  thick- 
nesses of  springy  sheet  brass.  This  is  simply  clamped  to  the 
holder-rod  by  a  clamp  screw  b  which  admits  of  the  holder  being 
shifted  along  the  rod,  or  of  being  turned  to  give  greater  or  less 
pressure.  The  tool  a  is  used  for  any  of  the  required  adjust- 
ments. These  brushes  are  used  with  the  large  multipolar 
dynamos,  such  as  that  figured  in  Plate  XL 

,  Brushes  and  Collectors  for  Alternators. 

Alternators  have  no  commutator,  but  they  usually  need 
a  pair  of  sliding  contacts  to  convey  the  currents  to  and  from 
the  rotating  part.  The  usual  device  is  a  pair  of  contact  rings 
of  copper  or  gun-metal  mounted  on  insulating  hubs  on  the 
shaft,  with  one  or  more  brushes  to  press  on  each  contact-ring. 
In  those  alternators  in  which  the  revolving  part  is  the  arma- 
ture, great  care  must  be  taken  to  insulate  well  the  two  rings 
from  each  other,  and  from  the  shaft  A  deep  projecting  rim 
of  ebonite  should  be  provided  between  the  two  rings  if  they 
are  situated  on  the  same  side  of  the  machine,  as  in  the  Blakey- 
Emmett  alternator,  Plate  IX.  Fig.  3  and  Plate  XXIII. 
Fig.  I,  or  as  in  the  Westinghouse  alternator,  Fig.  423,  or  the 
Hopkinson  alternator,  Fig.  425.  In  Kapp*s  alternator, 
Fig.  421,  the  contact  rings  are  on  opposite  sides  of  the 
armature,  so  that  not  only  is  high  insulation  easy,  but  the 
risk  of  accidental  shock  is  lessened.  Two  brushes  are  often 
applied  to  each  ring,  so  as  to  admit  of  replacement  while 
running.  In  Ferranti's  alternators  there  is  a  special  collecting 
arrangement,  Fig.  435. 

In  those  alternators  in  which  the  revolving  part  is  the 
field-magnet,  contact  rings  and  brushes  are  needed  to  bring 
in  the  exciting  current.  But,  as  the  current  is  small  and  at 
low  voltage,  the  collecting  arrangements  are  simple  and  need 
no  special  care  in  insulation.  In  the  slow-speed  three-phase 
alternators  constructed  by  Brown  (Plate  XXVIII.,  Fig.  i)  the 
exciting  current  is  conveyed  in  through  two  belts  of  flexible 
standard  wire  running  over  gun-metal  pulleys. 
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CHAPTER  XV. 

MECHANICAL  POINTS  IN  DESIGN  AND  CONSTRUCTION. 

Every  dynamo  and  motor  being  a  piece  of  running 
machinery,  it  is  needful  to  consider  the  mechanical  rules  that 
apply  to  the  design  and  construction  of  the  various  parts. 

In  Chapter  XIII.  are  considered  the  mechanical  modes  of 
transmitting  the  power  from  the  shaft  to  the  armature  con- 
ductors and  vice  versd.  The  design  of  dynamo  shafts,  journals, 
bearings,  pedestals,  and  pulleys  is  a  matter  equally  requiring 
a  knowledge  of  mechanical  principles  and  practice.  Such 
standard  works  as  Unwin's  Machine  Design  should  be  followed. 
Nevertheless  there  are  some  points  in  which  the  ordinary 
engineering  rules  cease  to  be  entirely  applicable ;  and  it  is 
because  of  this  circumstance  that  it  seems  desirable  to  give 
the  information  embodied  in  the  present  chapter. 

Pressure  on  Bearings. — In  addition  to  the  ordinary 
pressures  on  bearings,  due  to  weight  of  the  shaft  and  its 
attachments,  and  to  the  lateral  drag  of  the  driving-belt,  there 
is  in  dynamo-machines  a  third  cause  producing  pressure, 
namely  the  actual  magnetic  pull  which  the  field-magnets  exert 
on  the  armature  core.  This  is  notably  great  in  the  case  of 
dynamos  having  a  single  magnetic  circuit.  An  example  in 
which  the  field-mag^net  tends  to  lift  the  armature  is  afforded 
by  those  machines,  such  as  the  Edison-Hopkinson,  Fig.  352, 
p.  519,  in  which  the  magnet  stands  over  the  armature  ;  whilst 
contrary  examples  are  furnished  by  machines  in  which  the 
armature  is  above  the  field-magnets,  as  in  the  Kapp  dynamo, 
Plate  I.,  and  Fig.  330.  If  the  armature  is  perfectly  centred  there 
will  always  be  a  tendency  to  drag  it  in  such  a  way  as  to  make 
the  entire  magnetic  circuit  more  compact.  This  can  be  par- 
tially obviated  by  placing  it  eccentrically,  slightly  below  the 
centre  of  the  bored  polar  faces  in  machines  of  the  under-type, 

2  c  2 
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and  slightly  above  the  centre  in  the  over-type.  In  Kapp*s 
machine  the  downward  pull  is  partly  compensated  by  leaving 
the  pole  tips  wider  apart  below  the  armature  than  they  are 
above  it ;  or  by  using  cast-iron  pole-tips  below  and  wrought- 
iron  pole-tips  above.  This  magnetic  pull  may  amount  to  as 
much  as  four  or  five  times  the  weight  of  the  armature.  For 
example,  in  a  dynamo  built  by  the  Alsacian  Company^  for 
an  output  of  60  kilowatts,  the  magnetic  pull  on  the  armature 
was  equal  to  a  weight  of  no  less   1500  lbs»    (see  Fig.  284, 

p.  432). 

Gyrostatk  Action  of  Armature. — Another  point,  which 
arises  only  in  the  case  of  dynamos  used  on  ship-board  and  of 
motors  running  round  a  curve  on  a  track,  is  the  gyrostatic 
action  of  the  revolving  armature,  which  tends  always  to  keep 
its  axis  pointing  in  the  same  direction.  Sir  William  Thomson, 
who  first  directed  attention  to  this  matter,  has  given*  the 
following  formula  for  the  gyrostatic  force  on  a  bearing. 

H   = • 

■   si     - 

where  F  is  the  force,  in  lbs. ;  W  weight  of  armature,  in  lbs.  ; 
/  length  between  bearings,  in  feet;  g  the  acceleration  of 
gravity  (32  feet  per  second)  ;  o)  the  angular  velocity  of  the 
armature,  in  radians  per  second ;  H  the  maximum  angular 
velocity  of  roll  of  ship,  also  in  radians  per  second ;  k  the 
radius  of  gyration  of  the  armature  in  feet. 

ExampU.^lvL  a  ship  rolling  20°,  with  a  periodic  time  of  16  seconds, 
a  Siemens  alternate-current  dynamo  (Fig,  426)  running  at  1300  revo- 
lutions per  minute;    JF  =  148  lbs. ;  ^  =  0*7  foot;   /=  1*4  foot. 

20 
Here  O  =  2  tt  x  -r    X  2  tt  -^  16  =   o'i37  ;    and  w  =  2  w  x 

300 

1300  -f-  60  =  136.  Then  F  =  30'6  lbs.  on  each  bearing,  alter- 
nately acting  up  and  down  at  each  roll,  if  the  axis  of  the  dynamo 
lies  athwart  the  ship. 

It  is  evident  from  these  considerations  that  it  would  be 

*  Electrical  Review^  xxv.  292,  1890. 

•  See    Jamieson  on  Electric    Lighting  for    Steamships,   Proc.   InsL    Crzni 

Engineers,  Ixxxijc  Nov.  Ii,  1884. 
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inexpedient  on  ship-board  to  employ  dynamos  having  arma- 
tures which  resemble  fly-wheels  in  form,  if  the  pressure  due  to- 
the  weight  of  the  armature  were  not  relatively  much  greater. 
Drum-armatures  of  length  greater  than  their  diameter  are 
preferable  for  ship-lighting. 

youmals. — From  what  has  been  said  it  will  be  clear  that 
caution  must  be  used  in  applying  the  ordinary  rules  of 
machine  design.  It  is  usually  assumed  that  journals  are 
made  larger  for  higher  speeds,  because  of  the  necessity  of 
getting  rid,  by  the  gfeater  cooling  surface,  of  the  heat  generated 
at  the  higher  speed.  But  it  is  known  that  this  assumption  leads 
to  the  rule 

where  /  is  length  in  inches ;  F  the  force  (in  lbs.)  on  the 
bearing ;  n  the  number  of  revolutions  per  minute ;  and  13  a 
constant  which,  according  to  various  authorities,  may  vary 
between  66,000  and  1,000,000.  With  such  a  variation,  the 
rule  is  almost  useless  as  a  guide  to  design  ;  moreover  it  takes 
no  account  of  the  diameter  of  the  journal.  In  all  good  engi- 
neering practice  the  ratio  between  the  diameter  and  length  of  a 
journal  bears  a  relation  to  the  speed.  For  slow  speeds,  such 
as  100  revolutions  per  minute,  the  length  need  be  no  greater 
than  one  diameter ;  whereas  for  speeds  of  1000  and  upwards 
the  length  is  five  to  six  diameters,  and  in  high-speed  fans 
sometimes  as  much  as  eight  diameters. 

From  this  we  get  the  approximate  rule : — 

/ 

-  =  I  -f-  0-004  «• 

d 

The  rule  given  above,  which  is  an  ordinary  one  for  mill- 
shafting,  is  known  not  to  apply  to  crank-shaft  bearings,  where 
centrifugal  force  is  of  little  importance,  but  where  there  come 
heavy  alternately-directed  thrusts  and  wrenches.  Still  less 
can  it  strictly  apply  to  dynamo  machines.  In  these,  for  the 
most  part,  the  power  is  transmitted  through  a  few  inches  of 
shaft  from  a  pulley  to  the  armature.  The  journal  between 
these  two  parts,  if  the  pulley  is  outside,  is  obviously  sustaining 
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a  much  severer  wrench  than  the  journal  at  the  other  end  ;  it 
is  in  many  dynamos  made  larger  and  longer  than  that  at  the 
commutator  end. 

The  following  data  were  principally  furnished  to  Professor 
Perry  by  students  of  the  Technical  College,  Finsbury : — 

Table  of  Journal  Sizes. 


Dynamo  and  description 
of  Armatuxe. 

Revolu- 
tions per 
Minute. 

Distance 
between 
bearings 
(inches). 

H.P. 

Length/ 

(inches.) 

Diameter 
</ (inches). 

Ratio /-f-^ 

Brush  2-lighter 
(ring) 

\   1 120 

17 

2. 

{| 

1*25 
1*25 

4 

4 

Edison  (1882  type) 
(dram)  150-light 

I     890 

54 

15 

1 
> 

2-75 
^  2-75 

4 
.4 

"  Manchester" 
(ring) 

/   1600 

26 

6 

/    3*75 
\    3*75 

i'4 
1-4 

2*68 
2-68 

Elwell-Parker 
(dram) 

}   ^300 

30 

IO-8 

6 

1*62 

3*7 

Elwell-Parker 
(drum) 

\     630 

53 

45 

9 

2-5 

3*6 

"Victoria"  (Mordey) 
(discoidal  ring) 

\  2000 

10 

2 

/    4 
I    3-25 

0-7 
o'7 

4-6 

Ferranti  alternator 
(star-disk)  (1883) 

\   1700 

28 

ID 

1    ^ 
\     5-25 

I'2$ 

6 

4-5 

Kapp 

780 

34 

30 

I    8-S 

2*25 
2*25 

4*4 
3  77 

Brown 

500 

56 

35 

/    9*75 
I    9*75 

2*0 

2-5 

4-88 
3*9 

Ferranti  alternator 
(1889) 

1      120 

.85 

1250 

57 

14 

4 

Mordey  alternator 

(Field-magnet 

revolving) 

500 

53*75 

100 

(13 
\  13 

4*5 

4 

2-88 
3-25 

The  safe  diameter  for  a  journal  to  give  requisite  strength 
depends  on  the  load  tending  to  bend  it,  as  well  as  on  the  mere 
twisting-moment  that  results  from  the  power  transmitted 
through  it.  The  diameter  of  a  shaft  is  usually  calculated  from 
the  formula,  applicable  when  there  is  no  bending : — 

d  (inches)  =  c  >t/HP  -f-  revolutions  per  minute  ; 
where  ^  =  2*9  for  steel  shafts. 
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The  lateral  loading  of  an  overhung  pulley,  due  to  the 
belt,  produces  a  considerable  amount  of  bending.  Taking 
the  ratios  of  breadth  of  pulley  to  diameter  which  are  usual  in 
dynamo  manufacture,  it  will  be  found  that  c  ought  to  be  taken 
as  having  a  value  variously  estimated  from  4*2  to  5' S- 

Again,  the  spindle  or  shaft  of  a  dynamo  is  subjected  to 
bending  by  the  weight  of  the  armature,  by  the  magnetic  drag 
on  its  core,  and  in  belt-driven  machines  by  the  lateral  drag  of 
the  pulley.  When  running,  it  is  also  subjected  to  bending 
stresses  if  the  masses  it  carries  are  not  properly  balanced.  If 
the  brasses  of  the  bearings  keep  the  journals  in  line,  it  is 
evident  that  all  such  actions  tend  to  bend  the  shaft  at  definite 
points.  In  machines  with  discoidal  armatures  a  greater  length 
of  shaft  is  free  to  bend  than  in  those  with  drum  and  cylindrical 
ring  armatures,  which  stiffen  the  middle  portion. 

By  taking  the  bending  moments  due  to  want  of  balancing 
into  account.  Professor  Perry  shows  that  the  dependence  of 
length  of  journal  upon  speed,  hitherto  looked  upon  as  good  in 
practice,  but  having  no  basis  in  theory,  is  really  explicable. 
His  result  is  that  for  discoidal  armatures, 

-  =  ns/L,-T-  1000; 
and  for  drum  and  elongated  ring  armatures, 

where  L  is  the  length  of  the  shaft  between  the  middle  parts 
of  its  bearings,  in  inches  ;  and  «,  /,  and  d^  as  before. 

Journals,  if  plain,  are  usually  terminated  by  collars  or 
raised  shoulders,  to  bear  against  the  brasses  and  limit  end- 
play.  In  some  forms  of  machine  end-play  is  specially  pro- 
vided for,  so  as  to  cause  an  even  wear  at  the  commutator. 

For  dynamo  spindles  the  most  suitable  material  is  steel, 
Bessemer  steel  being  usually  employed. 

In  some  British  machines,  chie^y  small  ones,  and  others  of 
American  make,  a  shaft  of  the  same  diameter  throughout  is 
used,  with  collars  shrunk  on  to  prevent  end-play.     This  is 
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not  good  engineering.  A  shaft  ought  to  be  as  thoroughly- 
designed  for  its  work  as  any  other  part  of  the  machine.  It  is 
well  recognized  in  machine  design  that  where  an  axle  has  to 
bear  a  transverse  load  tending  to  bend  it  between  the  points 
of  support,  it  must  be  thickest  where  the  bending  moment  is 
greatest.  One  takes  as  a  basis  of  calculation  the  diameter 
appropriate  at  the  journals  (found  as  above)  and,  assuming  that 
the  shaft  is  of  circular  section,  calculates  the  diameters  at  the 
other  parts  by  the  rule  that  the  diameter  at  each  point  should 
be  proportional  to  the  cube  root  of  the  bending  moment  at  that 
poinL^  It  must  not  be  forgotten  that  where  key-ways  are  to 
be  subsequently  cut  for  securing  the  spiders  or  other  attach- 
ments, additional  diameter  must  be  given  to  admit  of  this 
without  reduction  of  strength.  An  example  of  an  excellent 
piece  of  design  is  aflforded  by  the  shaft  of  Brown's  dynamo,. 
Plate  IV. ;  also  by  those  of  Kapp's  dynamo,  Plate  II. ; 
and  of  Mordey's  (Victoria)  dynamo,  Fig.  336,  p.  499. 

In  the  first  of  these  examples  it  will  be  observed  how  the 
armature  spiders  fit  on  over  the  middle  portion  of  the  shaft, 
and  the  whole  is  tightened  up  by  a  threaded  nut  against  a 
collar  on  the  shaft.  The  commutator  is  built  up  around 
another  and  shorter  sleeve,  which  slips  over  a  slightly  reduced 
part  of  the  shaft,  on  the  other  side  of  the  collar.  The  pulley 
is  within  the  bearing,  not  overhung. 

In  the  second,  the  armature  spider  is  a  long  sleeve  of  cast 
iron,  which  stiffens  the  middle  portion  of  the  shaft,  and  is  held 
up  by  a  threaded  nut  against  a  collar. 

In  the  third,  the  armature  spider  is  held  between  nuts. 
The  pulley  is  overhung,  with  a  very  thick  journal  between  it 
and  the  armature,  and  a  thrust-bearing  at  the  commutator 
end. 

Bearings  and  Pedestals, — Bearings  for  dynamos  are 
always  made  divided,  so  that  the  armature  can  be  lifted  from 
its  bed,  and  usually  with  steps  of  brass  or  gun-metal  seated  in 
an  appropriate  pedestal.  Those  who  are  not  familiar  with 
this  elementary  part  of  machine  design  should  examine  the 

*  Sec  Unwin*s  Machine  Design,  p.  147. 
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drawings  of  the  pedestals  and  bearings  of  various  machines  ; 
particularly  those  of  the  Kapp  dynamo,  Plate  I. ;  of  the 
"Agir"  motor,  Plate  XIX. ;  and  those  of  the  Ferranti  alter- 
nator, Plate  XXVI.  Where  long  bearings  are  used  they  are 
occasionally  made  of  cast  iron  instead  of  gun-metal  or  brass. 
More  often  a  soft-metal  bearing  is  used ;  or  rather  a  soft 
metal,  such  as  that  known  as  Babbitt's  metal,  is  used  as  a 
lining  for  a  step  of  gun-metal  or  cast  iron ;  such  anti-friction 
metal  being  cast  into  shallow  recesses  formed  for  that  purpose 
in  the  hollow  of  the  step.  An  alloy  named  "Magnolia*' 
metal  has  lately  been  largely  employed  for  bearings. 

Thrust  Bearings, — In  all  dynamos  with  disk  or  discoidal 
ring  armatures,  end-play  is  inadmissible  ;  and  thrust-bearings 
must  be  provided  similar  to  those  used  on  screw-propeller 
shafts  with  raised  collars  on  the  journals.  Or,  instead,  the 
shaft  may  be  constructed  with  shoulders  somewhat  deeper 
than  usual  at  the  journals,  to  bear  against  the  brasses.  The 
reader  should  examine  the  various  thrust-bearings  in  the 
drawings  of  the  following  dynamos  :  Brush  arc-light  machine, 
Plate  XVI.  ;  Mordey  "Victoria"  dynamo.  Fig.  336,  p.  499; 
Mordey  alternator.  Fig.  437 ;  Ferranti  alternator,  Plate  XXVI., 
Fig.  2.  That  of  the  Kapp  alternator.  Fig.  421,  built  by 
Messrs.  Johnson  and  Phillips,  is  shown  in  Fig.  280. 

Spherical  Bearings. — With  all  long  bearings  it  is  of  great 
importance  that  they  should  not  only  be  exactly  concentric^ 
but  that  they  should  also  be  accurately  in  line.  To  permit 
the  steps  to  adjust  themselves  to  perfect  allignment  it  is  now 
a  frequent  practice  to  provide  them  with  a  spherical  seat ;  that 
is  to  say  a  spherical  or  nearly  spherical  shape  is  given  to 
the  enlarged  central  portion  of  the  bearings,  and  this  spherical 
portion  is  provided  with  a  soft-metal  seat  on  the  pedestal.^ 
Fig.  281  gives  a  design  by  Mr.  Ravenshaw  used  in  Goolden  & 
Co.'s  dynamos.  Messrs.  Siemens  employ  a  less  satisfactory 
form  of  oval  instead  of  spherical  outline.  The  bearings  of  the 
Westinghouse  alternator  closely  resemble  Fig.  281,  but  are 

'  See  paper  by  Mr.  Coleman  Sellers,  in  Journal  of  Franklin  ImiUute  for 
1872,  or  Engineerings  xv.  1 7,  or  the  figure  in  Un win's  Machine  Design,, 
p.  170. 
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adapted  to  longer  journals.  The  great  alternators  of  Ferran 
Plate  XXVI.  Fig.  2,  have  thrust-bearings  borne  upon  spheric 
seats.    Ball  bearings,  resembling  those  employed  in  bicycle 

Fic.  280. 


Thrust- BEARING  o 


have  been  suggested  by  Reign ier, 
the  States. 

Fig.  381 


Kapp  Alternator. 

er,  and  have  also  been  tried 


Spherical  Bearing  of  Goolden  Dynamo. 

Lubricators. — Provision   must   be    made    for    lubricatin 
bearings  with  a  due  supply  of  oil  or  grease,  and  arrangement 
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to  prevent  waste  and  spilling.  It  is  usual  to  provide  an  oil- 
well  in  the  hollow  casting  of  the  pedestals,  into  which  the  oil 
drains  from  the  ends  of  the  brasses.  Sight-feed  lubricators 
which  supply  the  oil  visibly  drop  by  drop  are  undoubtedly 
best  for  ordinary  machines.  Such 
a  lubricator  is  illustrated  in  Fig,  ^'*=-  ^'^^^ 

282.  The  lever  C  at  the  top  closes 
the  feed  of  oil  when  the  machine 
is  not  wanted  to  run.  The  collars 
A  and  B  regulate  the  rate  at  which 
the  oil  flows  down  to  drop  through 
the  tube-sight  below.  For  ship 
dynamos  special  forms  that  cannot 
spill  oil  are  preferable.  It  is  usual 
to  provide  a  collar  on  the  journals 
to  collect  and  throw  off  the  oil 
centrifugally,  the  lips  of  the  bearing 
being  carried  (as  shown  in  Fig.  281, 
above)  beyond  the  brasses,  and  pro- 
vided with  a  re-entrant  rim  which 
catches  the  oil  and  returns  it  to 
the  well  below.  For  lai^e  dyna- 
mos, where  there  is  great  weight 
on  the  bearings,  special  precautions 
have  to  be  taken,  as  in  the  lubri- 
cation of  the  bearings  of  propeller 
shafts.  Oil  is  supplied  under  pres- 
sure, sometimes  from  two  inde- 
pendent sources,  to  prevent  risk 
of  failure.  Such  arrangements  are 
the  more  needful  in  the  case  of 
dynamos,  because  the  motion  is 

one  of  pure  rotation,  the  shaft  not  being  subjected,  like  the 
crank-shaft  of  a  steam  engine,  to  alternate  lateral  thrusts, 
which  help  to  work  the  oil  in  under  the  journals.  Sellers  has 
proposed  a  double  lubrication  '  as  a  safeguard.     The  ordinary 

*  Unwin's  Machine  Design,  p.  171. 
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lubricator  supplies  oil  at  the  centre  of  the  bearing,  and  the 
top  brass  is  provided  near  each  end  with  a  cup  containing 
a  stiff  mixture  of  tallow  and  oil,  which  only  melts  in  case 
the  bearing  heats  from  failure  of  the  ordinary  oil  supply^ 
Self-lubricating  devices  are  sometimes  used^  an  oil-well  being 
provided  in  the  lower  brass,  into  which  dips  a  collar  on 
the  journal,  or  a  metal  ring  running  loosely  over  it,  or  even 
a  mere  ring  of  felt.  (See  Gramme  dynamo,  Fig.  325,  p.  483.) 
Kq^s  and  Feathers, — Keys  for  securing  the  armature  and 
pulley  to  the  shaft  should  be  of  the  sunk  or  flat  type,  not  of 
the  saddle  type,  which  is  less  reliable.  The  rules  for  keys  are 
as  follows  :  b  meaning  breadth  ;•  /  thickness  ;  and  d  diameter 
of  the  eye  of  the  hub,  all  in  inches — 

b^  i^  +  T; 

/,  for  sunk  keys  =  tV  ^  +  i"  »* 
/,  for  flat  keys    =  -^rf  +t^"; 

Where  two  or  more  feathers  are  used  on  opposite  sides  of  the 
shaft,  the  breadth  of  each  may  be  somewhat  less  than  this. 
For  small  machines  these  numbers  are  needlessly  large  ;  and 
for  less  than  5  H.P.  the  formula  on  p.  390  may  be  used,  with 
the  constant  c  taken  as  4  or  5. 

Pulleys  and  Belts, — There  is  no  need  to  give  special  rules 
for  these,  as  the  ordinary  rules  for  running  machinery  apply. 

Bed-plates. — In  designing  bed-plates  it  is  usual  to  save 
weight  of  metal  by  coring  out  and  leaving  stiffening  ribs  and 
flanges.  All  this  is  quite  right  except  in  those  cases  where 
any  part  of  the  bed-plate  serves  also  a  magnetic  purpose  and 
constitutes  a  part  of  the  magnetic  circuit.  For  example,  in 
the  Paterson  &  Cooper  dynamo,  Plate  V.,  the  bed-plate 
serves  partially  as  a  yoke  for  the  field-magnet ;  and  in  the 
**  Manchester"  dynamo  of  Mather  and  Piatt,  Fig.  333,  p.  496,  as 
also  in  Brown's  dynamo,  Plate  IV.,  the  part  of  the  casting  which 
passes  under  the  armature  must  be  left  solid.  An  example 
of  injurious  hollowing  occurs  in  Fig.  325,  p.  483  (Gramme, 
1 884).  It  should  also  be  noted  that  in  the  case  of  machines 
with  drum  or  cylindrical-ring  armatures  it  is  convenient  to  be 
able  to  withdraw  the  armature  longitudinally  by  removing 
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one  pedestal,  which  therefore  should  be  a  separate  casting. 
In  that  case,  for  machines  of  the  over-type,  it  is  convenient 
that  the  pedestal  should  be  made  removable  down  to  the  level 
of  the  under  side  of  the  armature,  so  that  when  the  upper  part 
is  removed  the  stump  may  form  a  convenient  resting  place 
for  the  armature  in  removal.  A  case  is  shown  in  Fig.  325, 
p.  484  (Gramme,  1884),  and  in  the  Kapp  dynamo,  Plate  I. 

Couplings. — When  dynamos  are  driven  without  belting 
from  a  steam-engine  on  the  same  bed-plate,  it  is  frequent  to 
connect  their  respective  shafts  by  a  coupling.  Of  these 
devices  there  are  several  special  patterns,  such  as  Brother- 
hood's, with  a  connecting  part  of  leather,  and  Raworth's  with 
flexible  steel  bands,  admitting  of  a  certain  amount  of  play 
if  the  two  shafts  are  not  in  exact  alignment.  Willans  has 
constructed  an  ingenious  magnetic  coupling-clutch. 

The  questions  of  the  mechanical  securing  of  armatures 
to  shafts,  and  of  the  proper  strength  of  binding  wires,  are 
discussed  in  Chapter  XIII.,  on  Armature  Construction. 
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CHAPTER  XVI. 

ELEMENTS  OF   DYNAMO   DESIGN  :   CALCULATIOt 
WINDINGS. 

The  symbols  used  in  this  chapter  are  explained  on  \ 
As  in  all  designing  of  machines,  so  with  the  desi 
dynamos,  experience  is  the  ultimate  guide.  To  1 
machine  which,  when  driven  at  a  prescribed  speed,  si; 
any  desired  number  of  amperes  of  current  at  ar 
voltage,  is  a  very  simple  matter  to  an  engineer  i 
already  had  experience  in  designing  dynamos  of  t 
general  type,  but  of  different  output  To  a  man 
designed  two-pole  continuous  current  machines  fo 
descent  lighting  it  is  a  simple  matterto  design  another 
of  the  same  sort.  But  it  would  be  to  him  by  no  i 
easy  from  this  experience  only  to  pass  to  designing  i 
of  a  multipolar  type,  or  to  design  alternate-current  m 
It  is  known,  for  example,  that  the  number  of 
output  of  a  dynamo  of  given  form,  at  a  given  ; 
approximately  proportional  to  its  weight  For  examp 
a  dynamo  which  at  720  revolutions  per  minute  yields 
sparking  or  overheating)  200  amperes  at  105  vo 
known  that  using  the  same  iron  carcase,  and  rewir 
machine  with  new  coils  equal  in  weight  to  those  p 
used,  the  machine  may  be  made  to  give  (at  same 
before)  300  amperes  at  70  volts,  or  250  amperes  at 
or  30  amperes  at  700  volts — the  product  in  each  of  th 
being  21,000  watts.  A  machine  for  double  the  outp 
have  double  the  weight  of  iron  and  double  the  v 
copper,  approximately,  if  of  the  same  type. 

Also,  since  the  voltage  is  proportional  to  speed, 
dynamo  had  to  be  designed  to  give  the  same  out 
speed  of  480  instead  of  720  revolutions  per  minute. 
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about  \\  times  as  heavy  would  be  required.  A  manufacturer 
who  had  in  stock  carcases  of  various  sizes  would,  of  course,, 
select  the  nearest  size  and  wind  it  with  an  appropriate 
winding. 

But  to  begin  anew  to  design  a  dynamo  without  this  kind 
of  practical  basis  is  a  different  matter.  The  first  stage  in 
understanding  this  is  to  examine  carefully  the  design  of  some 
well-established  machines,  and  to  see  how  the  dimensions  of 
their  several  parts  are  adapted  to  their  functions.  It  will 
then  be  an  easier  matter  to  work  out  any  case  for  a  fresh  type 
of  machine. 

Calculations  are  needed  to  ascertain  the  proper  sizes  of 
the  parts.  Some  of  these  calculations  are  purely  electrical, 
others  magnetic,  others  mechanical,  and  some  are  of  a  wholly 
empirical  nature  founded  on  experience.  If  a  dynamo  is  to  be 
constructed  to  give,  say,  an  output  of  200  amperes  at  55  volts, 
the  conditions  respecting  safety  from  overheating  practically 
determine  the  size  of  wire  that  can  be  used  for  the  prescribed 
current:  no  calculation  being  needed  beyond  a  reference 
to  such  a  Table  as  that  in  Appendix  B,  and  the  knowledge 
that  in  armatures  of  dynamos  it  is  usually  quite  safe  to  allow 
2000  or  more  amperes  to  the  square  inch.  Suppose  we  settle 
on  a  stranded  wire  of  7  No.  13  S.W.G.,  which  will  safely  carry 
100  amperes  (each  conductor  carries  only  half  the  armature 
current).  But  though  this  is  simple,  it  is  needful  to  remember 
that  if  the  field-magnet  is  shunt-wound,  as  it  must  be  for 
ordinary  lighting  at  constant  pressure,  there  will  be  additional 
amperes  to  allow  for  besides  the  200  for  the  lamps.  Let  it 
be  taken  that  5  amperes,  or  2 J  per  cent  of  the  current  will 
suffice.  Suppose  this  all  settled,  then  the  question  arises  of 
the  55  volts.  What  size  of  armature,  what  winding  of  it, 
what  size  of  field-magnet  will  be  required  ;  and  how  must 
the  latter  be  wound  so  as  to  give  what  is  required  at  the 
proper  speed  ?  Again,  it  must  be  remembered  that  if  55  volts 
is  to  be  the  pressure  at  the  mains,  the  armature  must  generate 
more  volts  than  this — say  57  or  58 — to  allow  a  margin  for 
the  "lost"  volts  (p.  252).  Suppose  this  settled,  then  what  is 
the  next  step  ? 
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Consider  the    fundamental    equation   of  the    cc 
current  dynamo  (see  pp.  47  and  210). 

E  =  «  C  N  ~  10'. 

Now  if  we  assume  that  the  speed  n  is  prescribed  bel 
this  formula  tells  us  that  the  volts  of  the  armature  di 
C,  the  number  of  armature  conductors  employed  (i.  i 
weight  of  copper),  and  on  N,  the  number  of  magn< 
through  the  armature  (i,  e.  on  the  cross-section  of 
core,  and  on  the  degree  to  which  its  magnetization  : 
up).  In  the  case  in  question  suppose  the  prescribed 
be  1 140  revolutions  per  minute,  then  «  (the  revolut 
second)  =  19.  And  if  E  is  taken  at  57,  it  follows  t 
multiplied  together  must  come  to  exactly  300,000,0 
how  much  must  C  and  N  be  separately  ?  Well,  ex 
shows  that  in  such  machines  as  this  is  to  be,  each  a 
section  should  consist  of  one,  or,  at  most,  tw 
whether  wound  as  ring  or  as  drum.  Experience  als 
that  for  2-pole  machines  it  is  convenient  if  the  ni 
sections  (and  therefore  of  bars  in  the  commutat 
multiple  of  6.  Also  experience  shows  that  if  there  a 
sections  than  30  there  will  be  fluctuations  and  possib 
troubles,  and  that  if  there  are  so  many  as  150  or 
there  comes  in  great  expense  in  the  construction,  W 
take  42,  or  48,  or  54,  or  60,  or  72,  and  work  out  a  d« 
any  of  these.  It  is  very  easy,  on  completing  the  calc 
to  try  another  set  if  the  first  do  not  seem  quite  sati; 
If  there  is  only  one  convolution  in  each  section, 
armature  is  ring-wound,  C  will  be  the  same  as  the  nti 
bars  of  the  commutator  ;  but  if  drum-winding  is  adopi 
C  will  be  numerically  twice  as  great.  Now  if  C  is  smal 
be  large,  and  viceversd;  and  we  know  that  to  secure  s 
running  it  is  well  to  keep  N  large  and  C  small  (p.  103) 
pose,  then,  we  take  C  at  72,  so  that  when  wound  dr 
there  will  be  36  sections  and 'a  36-bar  commutator,  Cle. 
will  involve  that  N  shall  equal  300,000,000 -~  72  =  41 
in  round  numbers  there  must  be  a  flux  of  4,170,000  n 
lines  through  the  core  of  the  armature.    Again,  ex] 
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shows  that  the  proper  degree  of  magnetization  to  allow  in 
armatures  of  such  machines  is  (see  p.  422)  from  12,000  to 
17,000  lines  to  the  square  centimetre,  or  say  from  about  70,000 
to  100,000  lines  to  the  square  inch.    To  carry  the  4, 170,000  lines 
the  armature  core  ought  then  to  have  a  nett  cross  section  of 
about  45  square  inches,  or,  say,  288  square  centimetres.    But 
here  again  comes  a  choice.     How  shall  we  determine  this 
cross-section  ?    What  size  of  core-disk  shall  we  choose,  and 
what  total  length  of  core-disks  shall  we  pack  together  along 
the  shaft  ?     If  we  take  large  core-disks  of  great  radial  depth 
we  shall  only  need  a  comparatively  small  number  of  them, 
and  our  armature  will  be  short ;   whereas  if  we  take  small 
core-disks  we  shall  have  a  long  armature.     Here  two  other 
considerations  come  in  to  influence  our  decision.    We  hav^ 
provisionally  settled  the  gauge  of  copper  conductor  to  carry 
our  current — a  stranded  wire  of  7  No.  13's,  of  which  3*38 
turns  will  lie  side  by  side  in  the  breadth  of  an  inch.     If  there 
are  to  be  72  such  conductors  all  in  one  layer,  they  will  occupy 
about  21  inches  side  by  side.     If  we  allow  nothing  extra  for 
inserting  driving-horns,    this  will   involve  core-disks  about 
7  inches  in  external  diameter.     If  we  say  ^\  inches  with  a 
4i-inch  hole,  the  doubled  radial  depth  of  iron  will  be  3  inches ; 
and  as  there  are  to  be  45  square  inches  of  section  of  iron  that 
will  require  a  total  length  of  about  1 5  inches,  or,  with  the 
insulation  between  the  core-disks  a  length  of  16  inches,  the 
core  of  the  drum  will  then  be  about  twice  as  long  as  its  own 
diameter.     It  is  usual  in  drum  cores  to  make  the  length  a 
little  greater  than  the  diameter  ;  but  this  will  do  for  present 
purposes.     But  there  is  another  consideration.     If  we  have 
got  so  many  complete  convolutions  of  conductor  as  36,  and 
each  conductor  carries  102^  amperes,  there  will  be  for  total 
cross-magnetizing  effect  a  product  of  3690  ampere-turns.    Will 
this,  on  the  core-disk  of  7J  inches  diameter  be  too  .great — ^that 
IS  to  say,  so  great  as  to  cause  sparking  ?    This  is  purely  a 
question  for  experience  to  decide  (see  p.  436).     Now  experi- 
ence shows  that  in  2-pole  drum-wound  machines  a  core-disk 
7i  inches  in  diameter  will  carry  at  least  5200  ampere  turns 
without  sparking,  so  that  we  are  well  within  the  limit  of 

2  D 
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sparklessness.  We  might  diminish  internal  resistances  a 
little  by  choosing  a  smaller  core-disk,  so  as  to  make  a  longer 
core  that  will  waste  less  wire  in  wrapping  across  the  ends ; 
but  in  that  case  we  cannot  use  the  stranded  wire  first  selected. 
If,  for  example,  we  chose  6-inch  core-disks  with  2-inch  holes, 
we  should  require  a  nett  length  of  12  inches,  or  a  gross  length 
of  nearly  13  inches.  And  we  could  not  fit  the  seventy-two 
conductors  around  the  periphery  unless  these  were  specially 
made,  say  of  drawn  copper  strips  placed  three  side  by  side 
(as  in  Fig.  283),  each  strip  being  in  section  250  mils  wide  by 

60  mils  thick.     The  three  overspun  together 
Fig.  283.  would  be  about  210   mils   thick  ;   and  the 

seventy-two  would  occupy  about  1 5  inches 
around  the  periphery  of  the  6-inch  disk, 
leaving  3  •  8  inch  for  the  insertion  of  driving- 
horns.  Another  way  of  winding  would  be 
to  use,  with  8J-inch  core-disks,  four  wires 
in  parallel,  instead  of  the  stranded  con- 
ductor, each  wire  being  a  No.  10  S.W.G., 
carrying  25  amperes,  arranged  two  deep,  there  being  144 
around  the  periphery,  and  occupying  about  22  inches  side  by 
side.  If  the  manufacturer  had  in  stock  no  core-disks  of 
these  sizes,  but  had  some  of  7-inch,  he  would  probably  use 
these,  and  select  a  wire  to  suit  The  difference  in  the  final 
efficiency  of  the  machine  would  be  trifling. 

Assume  then  that  as  the  result  of  all  these  considerations 
the  7j-inch  core-disks  have  been  chosen,  that  the  armature 
core  is  1 5  inches  long,  and  that  the  insulation  and  copper 
windings  and  binding  wires  will  bring  up  the  external 
diameter  to  about  %\  inches — it  now  remains  to  design  the 
field-magnet 

We  will  settle  upon  the  form. of  Fig.  121  as  the  type,  and 
construct  the  horizontal  limbs  of  cast  iron.  We  must,  pro- 
visionally at  least,  assume  a  value  for  the  leakage  coefficient, 
which  in  this  type  is  rather  high,  say  2*0.  Hence  we  must 
design  the  field-magnet  to  carry  8,340,000  magnetic  lines 
instead  of  4,170,000,  And,  as  experience  shows  that  it  is  not 
well  to  force  the  magnetization  beyond  about  7000  lines  to 
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the  square  centimetre    or  43,ocx)  to   the  square  inch,  this 
implies  a  cross-section  of  at  least  194  square  inches,  or  about 
1 191  square  centimetres.     Again,  experience  shows  that  it  is 
well  if  the  armature  core  extends  a  trifle  beyond  the  field- 
magnet  on  each  side.     This  can  be  attained  by  bevelling  the 
edges  of  the  polar  parts  while  keeping  the  rest  broad.     Sup- 
pose the  field-magnet  limbs  to  be  made  i6i  inches  wide  from 
front  to  back,  and  i  \\  inches  in  depth ;  then  what  length 
must  they  be  ?     Obviously  a  sufficient  length  to  leave  room 
between  them  for  the  wrought-iron  core  and  the  bobbin  large 
enough  to  hold  the  proper  amount  of  winding  necessary  to 
excite  the    magnetization   to   the   prescribed   degree.      To 
ascertain  the  amount  of  wire  that  is  requisite  one  has  first  to 
calculate  the  number  of  ampere-turns  by  the  principle  of  the 
magnetic  circuit.     But  how  can  we  apply  the  principle  of  the 
magnetic  circuit  without  knowing  the  length  of  iron  that  is  to 
be  used  ?      The   method   usually  adopted    here   is  one  of 
approximation.     Make  a  preliminary  calculation  in]  which  a 
rough  estimate  is  inserted  for  the  yet  undetermined  length 
of  the  iron  limbs.     Having  done  this,  see  whether,  without 
mechanical  difficulty  or  risk  of  overheating,  the  quantity  of 
wire  thus  calculated  can  be  wound  upon  the  length  of  limb  so 
assumed;   and  having  made  this  comparison,  then  diminish 
or  increase  the  length  chosen  for  the  limb,  and  recalculate. 
But  here  again  comes  in  a  complexity.     If  we  assume  that 
the  armature  has  no  demagnetizing  reaction,  we  shall  find  our 
calculated  quantity  of  wire  much  below  the  quantity,"actually 
required.     Therefore,   calculate   approximately  by  the  rule 
pven  on  p.  285  the  number  of  demagnetizing  ampere-turns, 
and  add  2*0  times  this  to  the  number  previously  found  ;  for 
the  field-magnet  must  be  made  long  enough  to  carry  this 
additional  number  of  coils.     In  the  case  under  consideration 
assume  the  polar  angle  to  be  145°  on  each  side,  it  follows 

that  -—^  of  72,  or  about  58  of  the  conductors  of  the  armature 

loO 

will  be  in  the  gap-spaces  at  any  one  moment,  and  that  there 
will  be  a  belt  of  conductors  (see  Fig.  71,  p.  90),  seven  broad, 
exposed  between  the  tips  of  the  poles.    This  gives  us  700 
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ampere-turns  of  demonetizing  power  if  the  bn 
assumed  to  be  set  near  the  pole-tips. 

Now  the  external  diameter  of  the  armature  is  i 
and  we  must  allow  \  inch  clearance  all  round,  m 
diameter  of  the  bored  polar  surface  %\  inches,  and  t 
gap-space  from  iron  to  iron  \  inch.  The  gap-spac 
selves  may  be  taken  as  being  io|  inches  along  the  c 
15  inches  from  back  to  front.  We  are  now  read; 
rules  by  which  to  calculate  the  field-magnet  des^n 
we  may  pause  here  in  these  general  considerations,  w! 
been  followed  far  enough  to  show  the  need  for  hand] 
of  sufficient  exactness. 

Electrical  Calculations. 

§  I.  To  Calculate  the  Lost  Volts  in  the  Armature— ^c 
an  amperemeter  the  number  of  amperes  ;.  flowing  tl; 
armature ;  multiply  this  by  the  number  of  ohms  (or  frat 
ohm)  that  represents  the  internal  resistance  of  the  armatur 

Lost  volts  ^  r,x  U 

A. similar  mode  is  to  be  used  for  calculating  the  vo 
resistance  in  any  coU  in  series  with  the  armature.  If 
internal  main-circuit  resistances,  such  as  a  series  coil,  ar 
we  must  add  this  to  r.  and  get 

Lost  volts  =  ('■„-!-  O  X  «.. 

%  2.  To  Calculate  the  Current  going  t/irotigh  Shunt. — D 
e  at  terminals  by  number  of  ohms  of  resistance  r,  of  shunt 

In  a  good  modem  machine  i,  may  be  taken  as  about ; 
(or  less)  of  ('. 

§  3.  7>  Calculate  tlie  Whole  Current  flowing  through  A 
Add  to  the  number  of  amperes  i  that  flow  to  the  lamps,  tl 
of  amperes  i,  flowing  around  the  shunt  coiL 

/;  =  ('  +  i. 

Or  about  3  per  cent,  may  be  added  to  the  current  s 
the  mains. 
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§  4,  To  find  the  Gauge  of  Wire  needful  for  the  Armature. — Re- 
membering that  there  are  two  paths  through  the  armature,  divide 
4  by  2,  and  then  refer  to  the  Amperage  and  Wire-Gauge  Table, 
Appendix  B,  and  select  a  wire.  Remember  that  in  very  small 
machines  it  is  safe  to  go  up  to  4000  amperes  per  square  inch,  and 
m  laige  machines  to  2000  amperes  per  square  inch. 

§  5.  To  find  the  Whole  Electromotiveforce  Generated  in  the  Arma- 
ture of  a  Dynamo, — Ascertain  the  number  of  volts  of  pressure  e,  at 
which  the  mains  are  to  be  supplied  from  the  terminals  of  the  dynamo 
(depending  on  the  lamps  that  are  to  be  used) :  to  this  add  the 
calculated  number  of  lost  volts. 

E  =  e+r^i„ 

Then  E  is  the  volts  which  the  armature  must  generate. 

§  6.  71?  calculate  the  number  of  Armature  Conductors  C. — This  is 
a  matter  of  experience :  see  pp.  374  and  400. 

§  7.  72?  Calculate  the  Electromotive-force  in  the  Armature.  {Con- 
timtous  Current  Machines^ — Multiply  together  the  revolutions  per 
second  n^  the  number  of  armature  conductors  C,  and  the  magnetic 
flux  N,  then  divide  by  one  hundred  million.    For : — 

I  volt  =  the  cutting  of  100,000,000  magnetic  lines  per  second ; 
or 

I  volt  =  10^  C.G.S.  units  of  electromotive-force. 

«C  N 


E  (volts)  = 


io« 


[Example  ;    a  certain  Phoenix  dynamo.      «  =  23'6;   C=i8o; 
N  =  2,606,000.     Find  E.] 


Efficiency  Calculations. 

%Z.  To  Calculate  the  Wasted  Power  in  a  Dynamo.— N.B.— To 
calculate  horse-power  from  the  watts  divide  the  number  of  watts 
by  746. 

(i)  Watts  wasted  in  armature  coil.  Multiply  volts  lost  in 
armature  by  amperes  in  armature :  or  multiply  resistance  of  armature 
by  square  of  armature  current 

(2)  Watts  wasted  in  series  coil.  Multiply  volts  lost  in  series 
coil  by  amperes  in  that  coil :  or  multiply  resistance  of  coil  by  square 
of  amperes  in  that  coil. 
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(3)  Watts  wasted  in  shunt  coil.  Multiply  amperes  in  shunt  by 
volts  at  terminals  of  shunt :  or  divide  square  of  volts  at  terminals  by 
resistance  of  shunt  coil. 

(4)  Watts  wasted  by  eddy  currents  not  calculable  directly. 

(5)  Watts  wasted  by  magnetic  hysteresis.  The  figures  given  on 
p.  163  state  the  number  of  watts  wasted  by  hysteresis  in  well- 
laminated  soft-wrought  iron,  when  subjected  to  a  succession  of 
cycles  of  magnetization  as  in  the  rotating  armature  core  of  a 
dynamo. 

§  9.  To  Calculate  t/u  Electrical  Efficiency. — Multiply  together  the 
useful  current  i  and  available  volts  e,  and  so  obtain  the  useful  watts. 
Multiply  together  the  total  current  i^  and  total  electromotive-force  E, 
and  so  obtain  the  total  watts  of  gross  output  The  electrical 
efficiency  is  the  ratio  of  the  former  to  the  latter. 

17  =  ^/-r-E  i^ 

Or  it  may  be  calculated  by  dividing  the  useful  watts  by  the  total 
watts  (useful  and  wasted  added  together).  The  electrical  efficiency 
does  not  include  waste  by  eddy-currents,  hysteresis,  or  friction. 

§  10.  To  Ascertain  the  Commercial  Efficiency, — This  is  not  a 
branch  of  designing  but  belongs  to  testing.     See  Chapter  XXVIII. 


Magnetic  Calculations. 

%  11.  To  Calculate  the  Magnetic  Flux  through  the  Armature. — 
Measure  e,  add  lost  volts,  and  so  calculate  £,  then  multiply  by 
10^  and  divide  by  n  and  by  C. 

E  X  io«. 


N  = 


«  X  C 


[Example :  An  Edison-Hopkinson  dynamo.  «=i2*5;C  =  8o; 
e  —  105  ;  f.  /.  =  3 '26;  find  N.] 

%  12.  To  Calculate  the  Magnetic  Induction.  B  '«  <w  Iron  Core, — 
Ascertain  the  magnetic  flux  N  through  that  core;  and  the  nett 
cross-section  A,  of  iron  in  that  core.     Then  divide  N  by  A. 

B  =  N-^A; 

or,  if  measures  are  given  in  square  inches, 

6,,==  N-T-A" 
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[Example :  in  an  Edison-Hopkinson  dynamo  N  in  armature  = 
10,826,000;  A"  =125  square  inch;  find  B^.] 

[Example :    in  a  Kapp  dynamo  N  in  armature  =  6,730,000 ; 
A  =  403*  I  square  centimetres;  find  B.] 

§  13.  7t?  Calculate  the  Cross- Section  of  Iron  to  carry  a  given  number 
of  Magnetic  Lines. — First  determine  how  many  is  the  total  number  of 
magnetic  lines  that  must  pass  through  the  armature  core  when  machine 
is  at  full  work :  call  this  N.  Next,  settle  what  is  the  advisable  value 
to  give  to  the  magnetic  induction  B.  In  continuous  current  machines 
for  incandescent  lighting  it  is  not  usually  advisable  to  push  the 
magnetization  further  than  B  =  17,000  (to  the  square  centimetre}, 
or  B,,  =  110,000  (to  the  square  inch).  For  arc-lighting  machines 
the  magnetization  may  be  pushed  fiirther.  For  alternate-current 
machines  (and  also  for  cores  of  transformers)  a  much  lower  degree 
of  magnetization  is  desirable:  say  Q  =  7,000,  or  B^^  s=  45,200. 
Having  settled  the  value  of  B  or  B,,,  dividing  N  by  the  value  settled 
will  give  the  required  sectional  area  A  or  A". 

[Example :  in  a  certain  Phoenix  [dynamo  it  was  decided  that  B„ 
should  be  115,000  lines  per  square  inch,  and  N  had  to  be  2,606,000 ; 
find  A".] 

[Example:  in  a  Kapp  alternator  A  in  the  armature  core  was 
103*2  square  centimetres;  assuming  B  =  6500;  calculate  N.] 

[Example :  in  an  Edison-Hopkinson  d3mamo  N  in  armature 
=  10,826,000:  A"  =  125  square  inches;  find  B^,.] 

For  calculating  the  requisite  cross-section  of  field-magnets  a 
similar  process  is  used,  but  allowance  must  be  made,  as  explained 
later,  for  carrying  a  larger  number  of  magnetic  lines  (because  of 
magnetic  leakage) ;  and  it  is  advisable  to  use,  even  with  wrought-iron 
cores,  a  somewhat  lower  degree  of  magnetization.  If  cast-iron  cores 
are  used,  the  section  will  have  to  be  nearly  twice  as  great,  as  it  is  not 
advisable  in  that  material  to  force,  in  more  than  about  8,000  lines  to 
the  square  centimetre,  or  than  about  50,000  to  the  square  inch. 

§  14.  To  allow  for  Magnetic  Leakage, — In  consequence  of  mag- 
netic leakage  the  magnetic  flux  is  different  at  different  parts  of  the 
magnetic  circuit 

[Example  :  in  an  Edison-Hopkinson  dynamo  it  was  found  that  to 
get  10,825,000  lines  through  the  armature,  enough  magnetizing 
power  had  to  be  put  on  to  make  14,289,000  lines  flow  through  the 
field-magnet,  3,464,000  of  these  leaking  away  and  not  going  through 
the  armature.  This  is  as  if  out  of  every  132  lines  in  field-magnet, 
100  only  were  useful  and  32  wasted.] 

The  symbol  for  the  coefficient  of  allowance  for  leakage  is  v.     Its 


4o8  Dynamo-Electric  Machinery. 

value  varies  in  differeDt  dynamos  from  1*2  to  2  or  more.  In  the 
example  above  given  z/  =  1*32.  Allowance  must  be  made  for  v 
times  N  magnetic  lines  in  the  field-magnet  in  order  that  there  shall 
be  a  flux  of  N  lines  through  the  armature.     (Compare  p.  183.) 

§  15.  To  find  the  Permeability  of  Iron  at  any  stage, — The  ratio 
between  the  number  of  magnetic  lines  that  there  are  in  the  iron  (or 
other  material)  and  the  number  that  there  would  have  been  (with 
same  magnetizing  force)  in  air,  is  called  the  permeability  of  the  iron. 
Symbol  fu 

The  value  of  /x  is  =  i  in  air,  copper,  and  all  non-magnetic 
materials.  In  iron  it  varies  with  the  quality  of  the  metal,  and 
with  the  degree  of  saturation  to  which  the  magnetization  has  been 
pushed,  getting  smaller  as  the  magnetization  is  pushed  toward  satura- 
tion. It  also  differs  in  different  specimens  of  the  same  brand  of  iron 
from  same  forge  or  foundry.  Tables  I.  and  II.,  p.  143,  are  deduced 
from  data  given  by  Hopkinson  in  PhiL  Trans,  of  Royal  Society, 
1885,  for  two  sorts  of  iron  used  by  Mather  and  Piatt  in  building 
Hopkinson's  dynamos.  The  curves,  and  the  values  in  terms  of 
square  centimetres  are  given  on  pp.  144  and  145  above. 

Suppose  B  has  been  found  from  N  and  A  as  above,  and  it  is 
desired  to  know  what  value  p.  will  be  at  that  stage  of  magnetization^ 
the  designer  must  refer  to  the  tables  or  to  the  curves  and  see  what 
value  of  /x  corresponds  to  the  value  of  B. 

[Example :  in  armature  of  Kapp  dynamo,  when  running  on  open 
circuit  N  =  6,730,000;  A  =  403*1  square  centimetres;  find  B  ; 
and  from  this,  assuming  iron  is  of  same  quality  as  in  Table  I.  p.  143, 
find  lu  Also  find  B  and  /a,  when,  at  frill  load,  N  is  increased  up  to 
71,170,00%  by  the  added  magnetizing  action  of  the  series  coil.] 

[Example :  in  field-magnet  (cast  iron)  of  a  Phoenix  dynamo^ 
A"  =  62  square  inches ;  N  in  armature  =  2,606,000 ;  v  (leakage 
allowance  coefficient)  =  1*36.  Calculate  v  N,  then  B,^ ;  then  find  a. 
by  reference  to  Table  II,,  p.  146,  for  cast  iron.] 


Elements  of  Dynamo  Design.*  409 

Calculations  respecting  Magnetic  Circuit. 

Fundamental  Law  of  Magnetic  Circuit, 

Magnetomotive-force  -4-  magnetic  reluctance  =  the  magnetic 
flux ;  or,  inversely,  thus  : — 

§  16.  71?  Calculate  the  Magnetomotive-force  requisite  to  force  a  given 
number  of  Magnetic  Lines  through  a  Definite  Magnetic  Reluctance. — 
Multiply  the  number  which  represents  the  magnetic  reluctance  by 
the  number  of  magnetic  lines  that  are  to  be  forced  through  it.  The 
product  will  be  the  amount  of  the  magnetomotive-force. 

If  the  magnetic  reluctance  has  been  expressed  on  the  basis  of 
centimetre   measurements,  the  magnetomotive-force,   calculated  in 

this  way,  will  require  to  be  divided  by  1*257  fr*^  by  —  j  to  give 

the  number  of  ampere-turns  of  requisite  magnetizing  power.  If, 
however,  the  magnetic  reluctance  has  been  expressed  in  the  units 
explained  below,  based  upon  inch  measures,  the  magnetizing  power, 
calculated  by  the  rule  given  above,  will  already  be  expressed  directly 
in  ampere-turns. 

§  17.  To  Calculate  Magnetic  Reluctance  of  an  iron  core, 

(a)  If  dimensions  are  given  in  centimetres. — Magnetic  reluctance 
bemg  directly  proportional  to  length,  and  inversely  proportional  to 
sectional  area,  and  to  permeability,  the  following  is  the  formula  : 


Magnetic  reluctance  = 


A  ft' 


but  the  value  of  /x  cannot  be  inserted  until  it  has  been  calculated 
from  B  as  above  in  section  15. 

{p)  jy  dimensions  are  given  in  inches. — In  this  place  we  apply  a 
numerical  coefficient,  which  takes  into  account  the  change  of  units 
(2-54  centimetres  to  the  inch),  and  also,  at  the  same  time  includes 
the  operation  of  dividing  the  magnetomotive-force  by  ^^  of  ir  (= 
1*257)  to  reduce  it  to  ampere-turns.  So  the  rule  becomes :— Divide 
the  length  (in  inches)  by  the  area  (in  square  inches)^  and  by  the 
permeability  (formed  as  above  from  B J,  and  then  multiply  by 
0  "3132.     Or  in  symbols : — 

Magnetic  reluctance  =  -rjr"  X  o* 3132. 
[Example :  find  the  magnetic  reluctance  from  end  to  end  of  a 
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bar  of  wrought-iron  lo  inches  long,  with  a  cross-section  of  4  square 
inches,  on  the  supposition  that  the  magnetic  flux  (N)  through  it  will 
amount  to  440,000  lines.] 

§  18.  72?  Calculate  the  Total  Magnetic  Reluctance  of  the  Magnetic 
Circuit  of  a  Dynamo. — This  is  done  by  calculating  the  magnetic 
reluctances  of  the  separate  parts  and  adding  them  together.  Account 
must,  however,  be  taken  of  magnetic  leakages,  by  allowing  for  v  N 
lines  in  the  field-magnet  cores  and  yoke. 

In  the  simplest  case  the  magnetic  circuit  consists  of  three  parts : 
(i)  iron  in  armature  core;  (2)  air,  copper,  cotton,  &c.,  in  gap 
spaces ;  (3)  iron  in  field-magnet.  The  permeability  of  the  materials 
in  the  gap-spaces  may  be  taken  as  =  i.  Hence  the  three  reluct- 
ances in  question  are  respectively  written  : — 


I 

& 


For  centimetre 
measure. 

» 

1.  Armature   .. 

2.  The  Gap-spaces 

3.  Magnet  core 

A 

A,  Ml 

2A 
At  Ml 

-   A_ 
A.M. 

.-'     X  03132 

-%^  X  0-3132 

/  '      X  0-3132 

If  the  iron  used  in  armature  and  field-magnet  is  of  same  quality, 
and  if  A3  has  been  taken  equal  to  v  times  Ax  so  that  both  are 
magnetized  up  to  equal  degree,  /13  and  fij  will  be  alike.  For  the 
gap-spaces  fi  =  i. 

If  there  were  no  leakage,  the  total  reluctance  would  be  simply 
the  sum  of  these  three ;  but  leakage  reduces  the  total  reluctance,  and 
at  the  same  time  obliges  us  to  increase  N  ^"^  ^^  magnet,  and  there- 
fore to  increase  the  ampere-turns. 

§19.  To  Calculate  t/ie  Ampere-turns  of  Magnetizing  Power  Requisite  to 
Force  the  Desired  Magnetic  Flux  through  the  Reluctances  of  the 
Magnetic  Circuit: 

(a)  Jf  the  dimensions  have  been  given  in  centimetres ^  the  rule  is  : — 

Ampere-turns  =  magnetic  flux  multiplied  by  the  magnetic  reluctance, 

divided  by  -,%  of  ir  (  =  i  •  257)  ; 
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or,  m  detail,  the  three  separate  amounts  of  ampere-turas  required  for 
the  three  principal  magnetic  reluctances  of  a  dynamo  are  expressed 
as  follow : — 

Ampere-turns  required  to   drive       ^  -  fsJ  v      ^^      .  4^. 
N  lines  through  iron  of  armature    3  ""  Aj  /x^  "^  10  ' 

Ampere-turns  required  to   drive       ^  =  kj  v  ^  -i-  —  • 
N  lines  through  the  two  gap  spaces)  ""  A^  -   10  * 

Ampere-turns    required    to     drive  \  I         av 

V  N    lines   through    the    iron  of  >  =  z^N  X  -r-^  -^ 
field-magnet  w.  J  A3/A3  '   10 


and,  adding  up : 

Total  ampere-turns  required  =  —  N  i  t—^  4-  t-  4-  7 \ 

4^      lAiMi^  Aa^  Aa/igl 

{h)  If  the  dimensions  are  given  in  inches ^  the  rule  is : — 

Ampere-turns  =  magnetic  flux  multiplied  by  magnetic 

reluctance ; 
or^  in  detail : 

Ampere-turns  required  to  drive]  ^  w 

N    lines    through    iron    of>  =  N  X   . ,,  ^    X  0*3132; 
armature  J  ^  \V-\ 

Ampere-turns  required  to  drive]  ^z" 

N    lines  through  two  gap->  =  N  X  -^^  0-3132; 
spaces  J  "A  2 

Ampere-turns  required  to  drive]  pi 

V  N  lines   through    iron   of>  =  z/N  x     „  ^     x  0*3132 . 
field-magnets  j  A  3  /X3 

and,  adding  up : 

Total  ampere-turns  1   _  ^.  I  l\      ,   2/''         vl     \ 

required  f  "  ^  ^'^^  IN  \j^rj^^  1^^-^  J^^ 

[Example :  in  a  certain  Lahmeyer  dynamo,  with  cast-iron  magnets, 

the  following  were  the  data:    N  =  2,328,000;   v^^  i*ii;  t\ 

=  6^;  l\  =  ii;  /"a  =  40;  A\  =  34-8  sq.  in.;  A"^  =  69-5  ; 

A"3  =  86*5 ;  calculate  the  required  ampere-turns.] 

In  some  forms  of  dynamo  the  magnetic  reluctances  of  pole-pieces 

^nd  yokes  must  be  separately  calculated;  and  allowance  must  in 
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some  cases  be  made  for  leakages  at  difiereot  parts  of  I 
Hence  a  more  careful  formula  would  be : — 

It  is  expedient  that  the  calculsitioD  of  the  ampeie-turn! 
made  twice ;  that  is  once  (using  the  value  of  N  that  con 
the  case  of  no  lost  volts)  to  find  the  value  of  the  ampe 
winding  to  be  put  on  the  shunt,  when  there  is  no  current  1 
tamps ;  and  once  (using  the  higher  value  of  N  that  com 
the  maximum  E)  to  find  the  increased  ampere-turns  that  a 
when  the  full  current  is  heii^  taken  from  the  armature, 
have  to  be  provided  for  (in  compound-wound  machines) 
coO,  which  also  will  need  to  have  additional  windings  to  c 
for  demagnetizing  effect  of  armature. 

§  20.  To  Estimate  the  Additional  Ampcre-iums  Required  to  < 

for  the  Demagnetizing  Action  of  the  Armature  Curren 

Brushes  have  a  Forward  Lead. 

Count  the  number  of  conductors  on  periphery,  be 

diameter  of  symmetry  and  the  actual  diameter  of  commu 

multiply  by  t'„  the  amperes  flowing  through  armature.    (App 

half  the  number  of  conductors  exposed  in  one  of  the  spac 

the  comers  of  the  two  pole-pieces  may  be  taken  for  m 

The  product  so  found  should  be  multiplied  by  v,  and  t 

to  the  number   of  ampere-turns  found   as   in   the  last 

For  ling  machines  the  product  must  be  doubled.    Amoux 

the  number  is  in  ring  machines  about  15  per  cent,  of  the  shu 

terms  ;  whilst  in  drum  machines  it  varies  from  5  to  7  per  1 


Examples  of  Calculations  applied  to  Con' 
Current  Dynamos. 

As  remarked  at  the  opening  of  the  present  cha 
advantageous  to  go  over  the  calculation  of  some 
machines.  Two  complete  examples  are  given 
relating  to  an  Edison- Hopkinson  dynamo  (see  pp, 
and  520) ;  the  second  to  a  Phcenix  dynamo,  Plate 
magnetic-circuit  calculations  for  the  first  have  been  < 
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out  in  C.G.S.  units ;  those  in  the  second  and  third  in  inch 
units,  so  as  to  show  both  modes  of  calculation.  As  a  third 
example,  an  exercise  for  calculation  is  given. 


Example  L — ^An  Edison-Hopkinson  Dynamo. 

Description  adapted  from  paper  by  J.  and  E.  Hopkinson,  in 

PhiL  Trans.,  1886. 

S/tunt' Wound  Dynamo,  with  Drum  Armature:  33  kilowatts 
Output:  320  Amperes,  at  105  volts,  at  750  revolutions  per 
minute. 

Armature:  Built  up  of  about  1,000  iron  core-plates  stamped  out 
of  soft  sheet  iron  separated  by  sheets  of  paper,  and  held  between 
two  end-plates,  one  of  which  is  secured  by  a  washer  shrunk  on  to  the 
shaft,  and  the  other  by  a  nut  and  a  lock-nut  screwed  on  shaft 
itself.  Shaft  of  Bessemer  steel,  insulated  before  core-plates  are 
threaded  on. 

Core-disks  external  diam 9I  inch.  24*5   centim. 

„         internal  diam. 

Shaft  diam.    

Radial  depth  of  iron 
Gross  length  of  core 
Total  thickness  paper  insulation... 

Nett  length  of  iron  in  core 

Nett  cross  section  of  iron     i23T^sq.in.  801  sq.  cm. 

Ditto  allowing  for  shaft        125       „      810      „ 

Core  is  wound  with  40  convolutions  {i,e,  there  are  80  external 
conductors  at  periphery)  each  consisting  of  16  strands  of  copper 
wire  69  mils  or  1753  miUimetres  in  diameter  {Le.  15IB.  W.  G.)  the 
convolutions  being  placed  in  two  layers  of  20  each.  Commutator 
40  bars  of  copper  insulated  with  mica ;  connections  to  armature  so 
made  that  plane  of  commutation  is  horizontal  when  circuit  is  open. 
Cross  section  of  the  above  wire,  0*0037  sq.  in.  or  2*3  sq.  mm.; 
total  ditto  of  each  set  of  16  wires  0*0592  sq.  in.,  or  38sq.  mm. 
Resistance  of  armature  from  brush  to  brush  0-009947  ohm,  at 
1 3 '5®  Centigrade. 

Field  Magnd:  Three  forgings  of  hammered  scrap  iron,  truly 
faced,   and  bolted  together;    section   of  limbs   rectangular    with 
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2f      „ 
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8-45       , 
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comers  slightly  rounded.     Stands  on  a  rinc  footstep,  over 

bed-plate. 

Inch. 

Length  of  magnet  limb i8 

Breadth  of  limb  (parallel  to  shaft)        ...  17-;- 

Thickness  of  limb 8^     ... 

Length  of  yoke       34^ 

Breadth  of  yoke      19 

Depth  of  yoke        9J 

Distance  between  centres  of  limbs       ...  15         (,. 

Diam.  of  bore  of  polar  faces ioJ3     -■■ 

Depth  of  pole-pieces      9 

Width  of  pole-piece  at  narrowest  part  ...  8f 

Breadth  of  pole-pieces  (parallel  to  shaft)  rg 

Width  of  gap  between  pole^ieces        ...  5 

Depth  of  edges  of  protruding  horns     ...  /j,     ... 
Thickness  of  gap-space   (from  iron  to 

iron)        Jl     ... 

Thickness  of  zinc  footstep     5 

Angular  breadth  of  polar  face      1 29' 

Angular  breadth  of  gap ...  51' 

The  magnetizing  coils  are  wound  directly  on  the 
consist  of  ir  layers  on  each  hmb  of  copper  wire  o-j 
2'4r3  mm.  diameter  (No.  13  B.  W.  G.),  having,  ther 
section  of  0-0071  sq.  in.  or  4-573  sq.  mm.,  making  3,2 
tions  in  all;  total  length  being  approximately  15,0^ 
4,570  metres.     Resistance  at  13-5°  C.  is  16-93  ohms. 

Data  for  Calculating  Relvdanas  in  Magnetic  Ci 

r. — Armature  Core. 

/i  taken  as  5^  inch  or  13  cm. 

Ai  taken  as  125  sq.  in.  or  810  sq.  cm. 

2. —  Gap  Space. 

/j  is  ^  inch  (  =  0-59  inch),  or  1-5  cm. 
A]  taken  as  248  sq.  in.  or  1,600  sq.  cm.  Thit 
sq.  inch,  or  190  sq,  cm.  for  fringing.  The  ac 
the  polar  face  is  234;^  sq.  inch,  or  1,513  sq.  ci 
corresponding  area  of  129"  of  surface  of  arma 
218)  sq.  inch,  01  1,410  sq.  cm.  Allow,  foi 
margin  all  round  equal  to  four-fifths  of  gap  spa 
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3. — Magnet  Limbs. 

4  is  in  total  36  inch,  or  91*4  cm. 

A3  is  taken  at  152  sq.  inch,  or  980  sq.  cm. 
4. — Yoke, 

l^  is  taken  at  19:^^  inch,  49  cm.,  estimated  along  quadrants. 

A4  is  1 73 J  sq.  inch,  or  1,120  sq.  cm. 
5. — Pole  Pieces. 

4  is  4-^  inch,  or  1 1  cm.,  estimated  along  curve. 

A5  is  taken  as  190^  sq.  inch  or  1,230  sq.  cm. ;  being  mean 

area  between  section  of  limb  and  area  of  polar  face. 
Coefficient  of  leakage  v  was  taken  by  Hopkinson  as  1*32,  but  was 
probably  nearer  1*4. 

Calculations  about  this  Dynamo. 

/  =  320 ;  ^=  105  ;  n  =  ^^®  =  12*5  \  r,  =  o'oi  ;  r,  =  16*93,  whence 

/,  =  ^-r  r,  =  6'2i ;    I,  *=  I  +  I,  =  326  ;  lost  volts  =  r.  x  !«  =  o'oi 

X   326  =  3*26  \   hence  E  =   ^  +  r,  /.  =    108-26  at  full    load* 

C  =  8o. 

. ,      Ex  100,000,000     108*26  X  10  ^  ^ 

N  = -^c irs  X  80   =  ^0.826,000. 

Useful  watts  =  ^  x  /  =  105  x  320  =  33,600. 
Total  watts  =  E  x  /,  =  108*26  x  326  =  35,293. 
Electrical  efficiency  r\  =  useful  watts  -4-  total  watts. 

„  „  =  0*952,  or  95*2  per  cent. 

Watts  lost  in  armature  =  lost  volts  x  amperes  ; 

„      „   „       „        =  3*26  X  326  =  1,062*76. 
Watts  lost  in  magnets  =  lost  amperes  x  volts. 

„      »   „      „         =  6  X  105  =  630. 
Watts  lost  by  hysteresis  =12*5  reversals  per  sec.  in  2*83  cubic 

feet  at  13,360  for  B,  see  p.  163. 

To  find  ampere-turns  requisite  to  magnetize.     By  §  19  above; 

S/  =-2  X  10,826,000  X  the  total  magnetic  reluctance. 
4ar 

This  must  be  calculated  from  the  5  data  of  the  magnetic  circuit 

in  separate  parts,  as  on  p.  4x0.     First  find  values  of  B  in  separate 

parts  according  to  leakage  and  cross-section,  and  from  these  values 

find  corresponding  values  of  ft  by  Table  I.,  p.  143. 

I.  Armature B^  =  13,360;  /x^  =  1,000 

3.  Magnet  limbs  ...     B3  =  14.250;  /ig  =     796 

4.  Yoke B4  =  13,530;  /X4  =     895 

5.  Pole-pieces      ...     Bg  =  11,450;  fig  =  1,566 
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Inserting  these  values  and  those  of  the  leakage  coe 
magnetic  reluctances  come  out : — 

1.  Armature    o'ooooi6 

2.  Gap-spaces...     0-001875 

3.  Magnetlimbs     o'oooi54 

4.  Yoke 0-000068 

5.  Pole-pieces o-oooooi 


Total  Magnetic  reluctance 


=  18226. 

To  this  must  be  added  the  ampere-turus  needed  to  con: 
demagnetizing  action  of  armature.  The  number  of  an 
ductors  between  pole-tips  is  1 1 ;  but  as  the  diameter  of  c 
is  not  quite  at  the  pole-tips  we  take  9  as  the  demagn 
Multip'ying  this  by  1^  the  armature  current  (163  ampe 
the  leakage-coefficient  (I'^a)  we  get  19,36  as  the  c< 
number,  making  total  requisite  ampere-tums  90,163.  I 
by  the  number  of  amperes  of  current  allowed  in  the  shun 
gives  3214  as  the  requisite  number  of  coils  on  the  I 
The  actual  number  wound  on  was  3260,  which  allows  a 
r^^atdog. 

Example  II ;  a  Ph(enix  Dynamo  {over-tvti 
Description  :  Compound-wound  Dynamo  with  Rin 

9  to  10  kilowatts,  see  Plate  V.  Figs,  i  and  2. 

Output:   90    amperes  at   105   volts,   at  1,420  levo 

minute. 

Armature:  built  up  of  about  225  iron  core-plates  (i 

of  soft  sheet  iron)  separated  by  sheets  of  paper  and  held  b 

fixed  firmly,  but  with  due  regard  to  insulation,  througl 

of  four-armed  spiders  keyed  to  shaft 

Shaft  of  Bessemer  steel. 

Core-disks  external  diameter  loj  inch  26-99  ' 

„        „     internal    „       8      „  20-33 

Shaft  diameter    ij     „  4-45  . 

Radial  depth  of  iron ^iV  .,  3'33  i 

Gross  length  of  core 9      „  22-86  , 

Total  thickness  paper  insulation      \^  „  i-ia  , 
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Nett  length  of  iron  in  core       ...     8-^  inch  or  20*11  cm. 

Nett  section  of  iron 22  sq.  inch  141*9  sq.  cms. 

Thickness  of  core-disks  No.  20,  RW.G.  =  0*035  inch. 

Core  is  wound  with  36  windings  each  consisting  of  5  convolu- 
tions of  square  copper  wire  0*150  in.  sq.  or  3*81  mm.  sq.  j  the 
convolutions  being  placed  in  one  layer.  No.  of  conductors  on  peri- 
pheiy  is  180 ;  commutator  36  bars  of  cast  copper,  insulated  with  mica. 
Cross  section  of  above  wire  is  0*0225  sq.  in.  or  about  14*5  sq.  mms. 

Resistance  of  armature  from  brush  to  brush  0*04  ohms. 

Fidd^^magnets :  2  castings,  truly  faced  and  bolted  together: 
section  of  limbs  rectangular  with  comers  slightiy  rounded.  The 
two  limbs  and  a  thin  connecting-piece  are  cast  in  one ;  the  bed-plate 
which  also  serves  as  yoke  being  a  separate  piece. 

Length  of  magnet  limb      8|  in.  or  22*22  cm. 

Breadth  of  limb  (parallel  to  shaft)     ... 

Thickness  of  limb       

Length  of  yoke    

Breadth  of  yoke 

Depth  of  yoke     

Distance  between  centres  of  limbs    . . . 

Diam.  of  bore  of  polar  faces      

Depth  of  pole  pieces 

Br^uith  of  pole  pieces  (parallel  to  shaft) 
Width  of  gap  between  pole  pieces  . . . 
Thickness  of  gap-space  (iron  to  iron) 

Angular  breadth  of  polar  face   

Ai^ular  breadth  of  gap     

The  magnetizing  coils  consist  of  a  shunt  as  well  as  a  series 
winding  on  each  coil,  and  are  wound  on  rectangular  bobbins  which 
are  afterwards  slid  on  to  the  limbs. 

The  series  winding  consists  of  54  turns  of  copper  wire  (0*203  inch 
or  5*156  mm.  diam.)  No.  6  B.W.G.  on  each  coil,  having  a  cross 
section  of '032  sq.  inch,  or  10*645  sq.  mm.  Resistance  of  the  series 
winding  is  '021  ohms.  Approximate  length  of  series  coils  is  5 1  yards,, 
or  46  metres.  The  shunt  winding  consists  of  1727  turns  on  eack 
coil  (in  all  3i454  turns)  of  copper  wire  0*057  inch  or  i'445  mm., 
diam.,  having  a  cross  section  of  '00255  sq.  inch  or  1*645  sq.  mm.. 
Resistance  of  shunt  winding  is  39*76  ohms.  Length  of  shunt 
winding  is  approximately  1900  yards,  or  1730  metres. 

Ratio  of  inner  to  outer  diameter  of  core  is  7*53  to  10, 
„    radial  depth  of  iron  to  exti.  diam.  of 

core  IS    ... 2*47  )9  ^o,        •«'  * 
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Ratio  of  length  of  iron  in  core  to  diam.  of 

core  is    8-88  t 

„     of  depth  of  copper  to  depth  of  iron 

incore    i  , 

„     of  depth  of  copper  to  external  diam. 

ofcore    I 

3ata  for  calculating  Reluctances  of  Magnetic  Circuit 

1 .  Armature  core ; — 

/i  taken  as  f>\  inch,  or^'51  cms. 

Ai  taken  a^  aifS  sq.  inch,  or  140  8  sq,  cms. 

fC]  taken  at  195. 

2.  Gap-spa^e: — 

/,  is  I  inch,  or  '95  cms. 

A]  taken  as  127  sq.  inch,  or  820  sq.  cms. 

3.  Magnet'Umhs  .• — 

/]  is  in  total  17}  inch,  or  44*4  cms. 

A3  is  in  total  6a  sq.  inch,  or  340  sq.  cms. 

4.  Yoke:— 

l^  taken  as  11  inch,  or  30*48  cms. 

A4  taken  as  90  sq.  in,,  or  580-5  sq,  cms. 

5.  Pole-pieces : — 

/b  taken  as  8|^  inch,  or  33 '  38  cms. 

Ai  taken  as  81  sq.  inch,  or  490  sq,  eras.,  the  ni' 

section  of  limb  and  polar  surface. 
Coefficient  of  leakage  taken  as  1-4. 
Calculations  about  this  dynamo  : — 

1  =  90  amperes,    e  =  105  volts.    «  =  ^^f^  =  * 

r.  =  39'76  ohms,     i,  =  -  —  2'$4&  amperes. 

I,  =  I  +  '.  =  92 '  548  amperes. 
E  =  .+  (r,  +  ^.)i  =110-7. 
N  =  2,606,000,  at  full  load ;  or  2,,^73,ooo  on  opei 
Useful  watts  =  e  x  i      =  105  X  90  =  9450. 
Total  watts  =  E  x  /.     =  110-7  x  92-5  =  io,s 
Electrical  efficiency  rj     =  useful  watts -j- total  w 

„  „  =  92-3  percent. 

Watts  lost  in  armature    =  r^  i^. 

=  34a. 

Watts  lost  in  series  coil  =  r„  i^. 

„  „  =  180. 

Watts  lost  in  shunt  coil  =  ei,. 
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It  will  be  noticed  that  in  enumerating  the  dimensions  selected 
for  calculation,  the  nett  length  for  the  induction  path  through  the 
armature  has  been  taken  at  6J  inches,  or  only  equal  to  the  width 
between  the  polar  horns.  The  ring  in  this  machine  being  very  thin, 
the  distribution  of  the  magnetic  flux  through  it  is  somewhat  like  that 
shown  in  Fig.  48,  p.  63 ;  the  actual  length  of  path  along  which  the 
whole  of  the  flux  is  confined  to  the  mere  radial  depth  of  the  core  is 
actually  less  than  the  distance  between  the  polar  horns. 

To  find  ampere-turns  requisite  to  magnetize ;  apply  rule  of  §  16, 
p.  409. 

S I  =  N  X  total  effective  magnetic  reluctance. 

The  total  effective  reluctance  (allowing  for  leakage)  for  the  five 
separate  terms  is  : — 


{21I 


6i 


+  2 


3 


m 


f|X/tx^     127^    62X/»s    ^   poX/**         8iX/i» 


Ix 


0-3132. 


The  values  of  fi  in  the  separate  parts  have  to  be  found  firom  tables 
such  as  those  on  p.  146,  from  the  corresponding  values  of  Bii* 


«J 

^ 

Bu 

M 

Reluctance. 

Arapere-turns 
needed. 

I.  Armature 

113,200 

195 

0*000484 

1 196 

u 

2.  Gap-spaces    .. 

24.720 

I 

0*001885 

4660 

U 

MM 

3.  Magnet  Limbs 

49»36o 

140 

0*000901 

2227 

1 

4  Yoke       ..      .. 

32,000 

42s 

0*000141 

349 

0 

5.  Pole-pieces     .. 

37,700 

291 

0'000I2I 

299 

Total 

0- 003532 

8731 

I.  Armature 

119,300 

75 

0*001260 

3"5 

2.  Gap-spaces    .. 

26,060 

I 

0*001885 

4660 

3.  Magnet  Limbs 

58*500 

80 

0*001576 

3896 

4.  Yoke 

40,530 

240 

0'00024il 

615 

a 

5.  Pole-pieces    .. 

45,040 

190 

o' 0001^5 

457 

Total 

0 '005 I 54 

12741 

As  the  shunt  winding  alone  acts  when  the  machine  is  on  open 
circuit,  it  must  provide  8731  ampere-turns;  and  the  series  winding 

2   E   2 
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at  full  load  must  not  only  provide  the  additional  4010 
to  12,741  as  shown  above,  to  compensate  for  lost  vi 
increasing  saturation,  but  must  also  provide  additional 
compensate  for  demagnetizing  effects. 

Aetual  excitation  of  this  dynamo  was: — 
AmperG-tarns. 

S800  on  open  circuit 
3350  added  by  series  winding  to  compe) 
volts  due  to  resistance  assuming  dii 
meabUity. 
2550  added  by  series  winding  to  con 
magnetising  effect  of  armature  and 
due  to  lead  of  brushes. 

13,600  =  total  actual  excitation  at  fulMoad. 

At  1,420  revolutions  per  minute  machine  gives  out : 


Volts.  103 


Example  III.  (already  partly  considered  on  pp.  399 

Design  of  a  single-field  compound-wound  dynamc 
armature.  Output  aoo  amperes  at  55  volts  at  1140  re 
minute.     It  is  required  to  find  the  appropriate  field-maf 

Armature. — Built  up  of  core-disks,  separated  1 
manilla  paper  fixed  by  end-clamping  upon  a  three-web 
gun-metal.  Shaft  of  Siemens  steel.  Commutator  36 
ductors  7a  all  round  periphery,  in  one  layer.  Hence  a 
must  beabout  4,170,000  lines  ;  and  at  90,000  lines  to  sq 
needs  a  nett  cross-section  of  45  square  inches  in  core. 
7^  inches  exterior  diameter,  4^  inches  interior  diametei 
numbers  to  make  up  total  nett  length  of  15  inches 
are  28  mils  (i.e.  No.  aa  S.W.G.)  thick,  so  that  about 
are  needed.  Conductor,  a  stranded  wire  of  7  No. 
together  with  double  cotton  covering,  and  already  ligl 
with  Scott's  rubber  varnish.  Resistance  of  armature  f 
brush  0-007  ohms.  \  length  of  armature  winding,  i 
52  yards. 

Fieid-magnets. — Horizontal    limbs   of  best    cast   i 
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annealed,  lower  one  fonning  part  of  bed-plate  casting.  Section 
widening  from  lips  so  as  to  have  section  194  square  inches,  and  at 
parts  furthest  from  armature  16  J  inches  wide  by  1 1  inches  deep,  being 
bored  out  to  receive  the  ends  of  the  wrought-iron  magnet  core,  which 
is  a  round  forging,  10^  inches  diameter,  turned  down  at  its  ends  to 
10  inches  diameter,  where  it  is  inserted  into  the  horizontal  pole- 
pieces.  The  finished  machine  generally  resembles  Fig.  359,  page  531 
but  is  more  massive  in  the  field-magnets. 

To  find  the  proper  length  for  this  core  make  first  an  approximate 
estimate  of  the  needed  number  of  ampere-turns,  and  thence  calculate 
the  quantity  of  windings  and  the  proper  length  of  core  to  receive  the 
wire.  Then  design  the  magnetic  circuit  to  be  as  compact  as  possible ; 
and  having  so  settled  the  sizes  of  the  parts  calculate  more  exactly,  as 
in  the  preceding  example,  the  requisite  number  of  ampere-turns  to  be 
provided  on  open  circuit  and  at  full  load. 


Useful  Points,  in  Designing. 

Peripheral  Speeds, — The  usual  peripheral  speeds  appear  to 
be  from  2700  to  3000  feet  per  minute  {j,e,  12  to  15  meters 
per  second)  for  drums  and  cylindrical  rings.  Esson  main- 
tains that  6000  feet  per  second  can  be  safely  attained  in  large 
machines.  For  discoidal  rings  and  disk  armatures,  3000  to 
5000  feet  per  minute  is  usual.  Ferranti's  1 5  foot  armatures 
(Plate  XXVI.,  Fig.  2)  have  peripheral  speed  of  5400  ft  per 
sec  Those  alternators  in  which  the  field-magnet  revolves  may 
have  higher  peripheral  speeds  without  risk  of  flying  to  pieces, 
some  going  over  7000  feet  per  minute. 

Core-disks, — These  are  usually  from  25  to  50  mils  in 
thickness,  whether  for  ring  or  drum  cores. 

For  rings,  the  ratio  used  in  practice  between  the  external 
and  internal  diameters  is  from  10  to  8  in  small  rings  to  10  to  7 
in  large  rings.  In  Brown's  four- pole  rings  (Plate  VI I L),  the  ratio 
is  10  to  7  ;  in  his  eight-pole  rings  (Plate  X.)  about  10  to  8.  In 
Siemens*  machines  with  internal  magnets  (Plate  XL),  the  ratio 
is  about  ID  to  9.  In  machines  with  cast-iron  magnets,  the 
rings  are  usually  made  with  a  less  radial  depth  of  iron  than 
in  machines  of  wrought  iron. 

For    drums,    the    usual   ratio   of    external   and    internal 
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diameters  is  10  to  3.     In  Kapp's  two-pole  machine  (Plate  L), 
the  ratio  is  7  to  4- 

Limit  of  Magnetization, — The  limiting  values  to  which  it  is 
found  expedient  in  practice  to  push  the  magnetization  have 
been  several  times  alluded  to.  The  values  of  B  are  here 
tabulated  for  convenience. 


B  =  Lines  per  sq.  cm. 

Spedes  of  Dynamo. 

In  Armature. 

In  Gap  Space. 

In  Field-Magnet. 

Wrought 
Iron. 

Cast 

iron. 

Constant    Potential 
Machines, 

2-Pole  Drum. 

2-Pole  Ring  (long) 

Multipolar  Rings. 

Arc-Light  Machines, 

Altemaiors, 
Multipolar  Ring. 

„         Drum. 

Coreless  Disk. 

10,000  to 
15,000 

12,000  to 
16,000 

10,000  to 

15,000 

17,000  to 
20,000 

6,000  to 

6,500 

6,000  to 

7.000 
5,000 

4,000  to 

7,500 

2,500  to 
5.000 

3.000  to 
5.000 

3,000  to 
7,000 

2,500  to 

4.000 

2,500  to 

5,000 
5,000 

12,000  to 
17,000 

12,000  to 
17,000 

12,000  to 

17,000 

17,000  to 
20,000 

12,000  to 

17,000 

12,000  to 
17,000   . 

12,000 

6,000  to 

8,000 

6,000  to 

8,000 

6,000  to 

8,000 

6,000  to 

10,000 

.6,000  to 

i     8,000 

6,000  to 

1  8,000 

6,000 

Size  of  Wire  for  Winding  Armatures. — This  will  be  further 
discussed  under  heading  of  permissible  heating.  It  may  be 
here  remarked  that  modem  practice  allows  from  2000  to  3000 
amperes  per  square  inch,  in  conductors  of  ring  armatures,  and 
even  up  to  4000  amperes  per  square  inch  in  those  of  drum 
armatures.  But  in  the  magnet  coils,  only  about  2000  amperes 
per  square  inch.  Esson^  has  given  the  following  table  of 
usual  sizes  of  wire  (double  cotton-covered  and  varnished) 
used  in  winding  armatures  to  run  at  usual  speeds,  together 
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with  the  number  of  layers  of  each  that  may  be  used  for  these 
currents  without  overheating. 


Amperes  to 
be  carried. 

Diameter  of  bare 
wire,  in  mils. 

Number  of 
layers. 

5 

48 

4 

7'5 

62 

3 

10 

75 

3 

20 

90 

2 

22*5 

2  X  75 

2 

25 

3x65 

3 

325 

2  X  80 

2 

37*5 

126 

I 

40 

2  X  90 

2 

50 

2  X  109 

2 

50 

148 

I 

60 

180 

I 

75 

203 

I 

90 

238 

I 

The  length  of  wire  to  produce  a  given  voltage  at  a  given 
speed  is  a  measure  (inversely)  of  the  density  of  the  magnetic 
field.  The  following  are  examples  of  2-pole  drum-wound 
dynamos.  Edison-Hopkinson,  at  750  revs,  per  min.  takes  19 
inches  per  volt.  Kapp,  at  780  revs,  per  min.,  takes  35  inches 
per  volt  Thomson-Houston  arc  lighter,  at  900  revs,  per  min. 
takes  148  inches  per  volt, 

Heating  of  Magnet  Coils. — All  field-magnet  coils  are  liable 
to  heat,  because  even  the  purest  copper  offers  resistance. 
If  it  be  assumed  that  the  thickness  of  the  insulation  is 
proportional  to  the  thickness  of  the  wire  on  which  it  is 
wound,  it  follows  that  the  weight  of  copper  in  a  coil  filling  a 
bobbin  of  given  dimensions  will  be  the  same,  whether  a  thick 
wire  or  a  thin  one  be  employed.  Further,  for  a  given 
volume  to  be  filled  with  coils,  the  number  of  ohms  of  resistance 
of  the  coil  will  vary  directly  as  tlie  square  of  the  number  of 
turns  in  the  coil.  For  if  a  coil  wound  with  100  turns  of  a 
given  gauge  be  rewound  with  200  turns  of  a  wire  having  half 
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the  sectional  area,  the  resistance  of  this  new  win 
obviously  be  four  times  as  great  as  that  of  the  origii 
ing.  Also,  by  a  similar  argument,  it  follows  that  the  1 
of  a  coil  of  given  volume  will  vary  inversely  as  the 
the  sectional  area  of  the  wire  used.  Aud  as  this  an 
portional  to  the  square  of  the  diameter  of  the  wire, 
that  the  resistance  is  inversely  proportional  to  thefou. 
of  t/te  diameter  of  the  wire  used.  (See  also  p.  43O.) 
The  amount  of  heat  developed  per  second  in  a  i 
product  of  the  resistance  into  the  square  of  the  st 
the  current.  To  avoid  waste,  therefore,  no  unnecess; 
ance  should  be  introduced  into  any  main-circuit  a 
easy  to  show  that  with  a  coil  of  given  volume,  the  h 
is  the  same  for  the  same  magnetizing  power,  n 
whether  the  coil  consists  of  few  windings  of  thici 
many  windings  of  thin  wire.  The  heat  per  second  is 
the  magnetizing  power  is  S  i;  /being  the  current,  r\ 
ance,  and  S  the  number  of  turns.  But  r  varies  as  tl 
of  S,  if  the  volume  occupied  by  the  coils  is  constant 
pose  we  double  the  number  of  coils,  and  halve  t! 
sectional  area  of  the  wire,  each  foot  of  the  thinner 
offer  twice  as  much  resistance  as  before ;  and  there 
as  many  feet  of  wire.  The  resistance  is  quadrupl 
fore.  The  heat  is  then  proportional  to  »■*  S' :  and 
the  heat  is  proportional  to  the  square  of  the  ma 
power.  If,  therefore,  we  apply  the  same  magnetlzii 
by  means  of  the  coil,  the  heat  waste  is  the  same,  he 
coil  is  wound.  To  magnetize  the  field-magnets  of  i 
to  the  same  degree  of  intensity  requires  the  same  ex 
of  electric  energy,  whether  they  are  series  wound 
wound,  provided  the  volume  is  the  same.  But  if  tl 
of  the  coil  (and  the  weight  of  copper  in  it)  may  be  i 
then  the  heat-waste  may  be  proportionally  lesser 
example,  suppose  a  shunt  coil  of  resistance  r  has  2 
we  wind  on  another  Z  turns  in  addition,  the  ma 
power  will  remain  nearly  the  same,  though  the  currei 
cut  down  to  one<half  owing  to  the  doubling  of  the  n 
and  the  heat  loss  will  be  halved,  for  2  r  X  (J  /)*  *'" 
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In  fact  one  ought  to  wind  on  so  much  copper  wire  that  the 
annual  interest  on  the  prime  cost  is  approximately  equal  to  the 
annual  cost  of  the  electric  energy  spent  in  the  inevitable  heating. 

It  is  assumed  in  the  foregoing  argument  that  we  get  double 
the  number  of  turns  on  if  we  halve  the  sectional  area  of  the 
copper  wire.  This  is  not  quite  true,  because  the  thickness  of 
the  insulating  covering  bears  a  greater  ratio  to  the  diameter 
of  the  wire  for  wires  of  small  gauge  than  for  wires  of  large 
gauge.  In  designing  dynamos,  moreover,  one  ought  to  be 
guided  by  the  question  of  economy,  not  by  the  accident  of 
there  being  only  a  certain  volume  left  for  winding.  If  there 
is  insufficient  space  round  the  cores  to  wind  on  the  amount  of 
wire  that  economy  dictates,  new  cores  should  be  prepared 
having  a  sufficient  length  to  receive  the  wire  which  is  economi- 
cally appropriate. 

If  no  special  limit  of  temperature-rise  is  prescribed,  then 
the  dominant  consideration  that  governs  the  selection  of  the 
wire  for  winding  is  the  amount  of  energy  that  may  be  wasted 
in  magnetizing.  If  a  temperature-limit  is  prescribed,  then 
there  must  be  provided  a  oooling-surface  proportional  to  the 
energy  that  is  wasted  in  the  magnetizing  coil.  Experience 
shows  that  if  the  heating  is  not  to  exceed  20^  to  25°  (Cent) 
above  atmospheric  temperature,  at  least  2^  square  inches  of 
external  surface  of  coil  must  be  allowed  for  each  watt  wasted 
by  the  coil's  resistance.  Or,  conversely,  if  a  bobbin  has  room 
for  a  coil  of  only  a  certain  amount  of  surface,  a  winding  must  be 
chosen  such  that  it  will  waste  only  one  watt  for  each  2^  square 
inches  of  surface.  Some  useful  rules  have  been  given  by 
Kapp^  for  preliminary  calculations  about  depth  of  winding 
and  weight  of  wire.  Of  course,  these  might  be  determined  by 
first  calculating  the  gauge  of  wire,  bare  and  insulated,  number 
of  turns,  turns  per  layer,  and  resistance  per  turn.  If  /  is  the 
length  of  wire,  and  D  is  the  depth  of  winding,  both  in  inches,  and 
X  the  excitation  in  ampere-turns,  P  the  perimeter  in  inches 
of  the  coil,  and  W  the  weight  of  the  coil  in  pounds,  we  have : 

^  See  EngifietTf  April  1890. 
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where  a  is  a  coefficient  which  depends  on  the  gau 
and  thickness  of  its  insulation.    Also 


W 


=  ^  TV^f55b 


where  /S  is  a  second  coefficient  varying  with  the  gau 
These  two  formulfe  are  applicable  to  the  case 
temperature-limit  being  imposed  we  allow  2\  squ 
per  watt.  If  no  such  limit  is  imposed  and  a  givei 
ture  of  energy  is  assumed,  it  is  more  ^convenient 
them  by  the  following  formulae : 


X  = 
W  = 


7\/W/D- 


The    four    numerical  coefficients  then  have    the 
values : — 


Iliu„.orB>nWn 
in  mill. 

S.W.G. 

-. 

» 

T 

40 

19 

$2Z 

0-49S 

820 

HO 

IDl 

542 

0510 

SSO 

aco 

5* 

570 

0-6IS 

900 

For  shunt  coils  Ihe  length,  and  therefore  the 
dictated  solely  by  reasons  of  economy.  It  is  usu 
25  to  30  yards  per  volL 

Permissible  Heating,  and  Surface  of  Emission.- 
that  any  coil  may  not  over-heat  it  must  have  : 
surface,  relatively  to  the  amount  of  heat  developt 
the  current  The  Brush  arc  dynamo,  2  sq.  inches 
per  watt  lost,  are  allowed  in  the  field-magnets,  a 
inches  in  the  armatures.  In  the  Thomson- Housto 
I  ■  66  sq.  inches.  The  relation  between  the  heat  dei 
surface  of  emission,  and  the  resulting  rise  of  temp 
been  investigated  by  Forbes,  Esson,  and  other 
reckoned  that  heat  would  be  emitted  at  the  rate  ( 
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watt*  from  i  square  centimetre  if  warmed  1°  C.  above  the 
surrounding  atmosphere.  Esson,  on  the  other  hand,  finds 
that  for  surfaces  consisting  of  wire  double  cotton-covered 
and  varnished  the  emission  is  much  more  rapid ;  and  gives 
jjy  of  a  watt  as  the  rate  of  emission  per  sq.  cm.  per  degree 
(Cent.).  Within  the  range  of  ordinary  heating  it  may  be 
assumed  that  the  rate  of  emission  is  proportional  to  the  excess 
of  temperature  over  the  surrounding  air.  The  difference 
between  Esson's  rule  and  Forbes's  is  that  Esson  allows  for 
the  aid  to  cooling  afforded  by  the  brass  bobbins  and  iron 
cores  ;  whilst  Forbes  deals  with  heat  emitted  from  the  coil- 
surface  only. 

Esson's  rule,  which  appears  to  agree  with  the  experience 
of  various  different  makers,  may  then  be  stated 

where  0  stands  for  the  rise  of  temperature,  w  is  the  watts 
expended  in  heat  in  the  coil,  and  s  its  surface  in  sq.  cms. 
Or,  if  Fahrenheit  degrees  and  sq.  inches  are  used,  the  rule 
becomes 

^  F.  =  100  ^. 

s 

In  using  such  rules,  and  calculating  the  watts  developed 
in  the  coil  (by  multiplying  the  resistance  by  the  square  of  the 
current),  it  must  be  remembered  that  the  wire  when  warm  has 
a  higher  resistance  than  when  cold.  A  useful  rule  to  take 
this  into  account  is  : — 

To  find  resistance  (hot)  when  resistance  (cold)  is  known ; 

^  The  watt  is  the  unit  of  rate  of  expenditure  of  energy,  and  is  equal  to  ten 
million  ergs  per  second,  or  to  j\^  of  a  horse-power.  A  current  of  one  ampere, 
flowing  through  a  resistance  of  one  ohm,  spends  eneigy  in  heating  at  the  rate  of 
one  watt.  Qne  watt  is  equivalent  to  0*24  calories  per  second,  of  heat.  That  is 
to  say,  the  heat  developed  in  one  second,  by  expenditure  of  energy  at  the  rate  of 
one  watt,  would  suffice  to  warm  one  gramme  of  water  through  0*24  (Centigrade) 
degrees.  As  252  calories  are  equal  to  one  British  lb.  (Fahrenheit)  unit  of  heat,  it 
follows  that  heat  emitted  at  the  rate  of  one  watt  would  suffice  to  warm  3*4  pounds 
of  water  one  degree  Fahrenheit  m  one  hour ;  or  one  British  unit  of  heat  equals 
1 ,058  watt-seconds. 
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add  to  the  known  number  of  ohms  i  per  cent  fo: 
Centigrade  degrees,  or  for  eveiy  4i  Fahrenheit  degi 
To  find   maximum   permissible  current,    if   th 
temperature  8  is  prescribed  as  a  limit 


Max.permissiblecurrent=./^^  X  sq  cm. 
V     355  X  rcsistai 


355  X  resistance 

or 

■Kw  •    -ui  I  /  ^  F  X  sq.  inche: 

Max.  permissible  current  =  *  / ^ 

'^  v     100  X  resistanci 

Example. — A  coil  has  450  sq.  in.  of  surface,  and  a  resi; 
of  15  ohms.  It  is  required  to  know  what  is  the  largest 
can  carry  continuously  without  heating  more  than  30°  F. 
surrounding  air.     Here  the  maximum  current  will  be  3  ar 

If  we  assume  that  a  safe  limit  of  temperature 
(or  so"  C.)  higher  than  the  surrounding  air,  then  tl 
current  which  may  be  used  with  a  given  electroi 
expressed  by  the  formula : — 

Highest  permissible  amperes  =  o-95\/ -> 

where  s  is  the  number  of  square  inches  of  surface  o: 
and  r  their  resistance  in  ohms. 

Similarly,  for  shunt  coils  we  have  : — 

Highest  permissible  volts  =0-95  y/ sr. 

The  magnetizing  power  of  a  shunt  coil,  supplied  ; 
number  of  volts  of  pressure,  is  independent  of  its  le 
depends  only  on  its  gauge,  but  the  longer  the  wir 
will  be  the  heat  waste.  On  the  contrary,  when  the 
of  supply  is  with  a  constant  number  of  amperes  o 
the  magnetizing  power  of  a  coil  is  independent  of  t 
of  the  wire,  and  depends  only  on  Its  length  ;  but 
the  gauge  the  less  will  be  the  heat  waste. 

Owing  to  the  cooling  effect  of  the  air-curre: 
running,  it  is  found  that  when  a  dynamo  is  stopf 
end  of  a  long  run,  the  surface  temperature  immedi: 
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above  what  it  was  when  running,  as  the  heat  which  is  being 
conducted  outwards  from  the  hotter  interior  is  not  now 
so  rapidly  got  rid  of.  In  the  Admiralty  specifications  it  is 
laid  down  that  after  the  end  of  a  long  run  of  six  hours,  no 
part  of  the  machine  shall  at  the  end  of  one  minute  after 
stopping  show  a  greater  rise  than  1 1°  C.  (=  20**  F.)  above  the 
surrounding  air.  This  is  absurdly  low;  and  for  ordinary 
engine-room  work  a  rise  three  or  four  times  as  great  is 
perfectly  safe.  Kapp  allows  1*5  sq.  in.  (=  9*7  sq.  cm.)  for 
each  watt  lost  in  the  armature;  and  2*5  sq.  in.  (=5  i6'2  sq. 
cm.)  per  watt  in  the  field-magnet  Esson  finds  that  on 
armatures  running  at  ordinary  speeds,  there  will  be  a  rise  of 
35®  C.  if  for  every  watt  wasted  in  heating  i  •  13  sq.  in.  (=  7*3 
sq.  cm.)  be  allowed  The  formula  given  above  for  field- 
magnets  would  show  for  the  same  rise  a  minimum  surface  of 
I  *  5  sq.  in.  (as  9*7  sq.  cm.)  per  watt  Esson  finds  an  approxi- 
mate rule  for  different  speeds  to  be : — 

^  ^^'^'^  s{i  +o-oooi8z/)' 

where  s  is  given  in  square  inches,  and  v  is  the  peripheral 
velocity  in  feet  per  second.  If  these  are  given  in  square 
centimetres,  and  metres  per  second,  respectively,  the  rule 
becomes : — 

^/^^-  354  «^ 

^  ^^•^""  s{i  +0'0oo6vy 

Some  calculations  about  the  greater  heating  of  interior  layers 
have  been  given  by  Mr.  Joyce.* 

The  following  rules  are  useful  for  calculating  the  windings 
for  machines  of  same  type,  but  of  varying  size,  or  output. 

To  reach  the  same  limiting  temperature  with  equal-sized 
bobbins  wound  with  different-sized  wire,  the  cross-section  of 
the  wire  must  vary  as  the  current  it  is  to  carry ;  or  in  other 
words,  the  current  density  (amperes  per  square  centimetre) 
must  remain  constant 

To  raise  to  the  same  temperature  two  similarly  shaped 

*  Joum.  Inst.  EUctr.  Engineers^  xix.  248,  1890. 
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coils,  differing  in  size  only,  and  having  the  gauge  of  the  wire 
in  the  same  ratio  (so  that  there  are  the  same  number  of  turns 
on  the  large  coil  as  on  the  small  one),  the  currents  must  be 
such  that  the  squares  of  the  currents  are  proportional  to  the 
cubes  of  the  linear  dimensions. 

Similar  iron  cores,  similarly  wound  with  lengths  of  wire 
proportional  to  the  squares  of  their  linear  dimensions,  will, 
when  excited  with  equal  currents,  produce  equal  magnetic 
forces  at  points  similarly  situated  with  respect  to  them.  (Sir 
W.  Thomson,  Phil.  Trans,,  1856,  p.  287.) 

Similar  machines  must  have  ampere-turns  proportional  to 
the  linear  dimensions,  if  they  are  to  be  magnetized  up  to 
an  equal  degree  of  saturation.  (J.  &  E.  Hopkinson,  PIUL 
Trans.,  1886,  p.  338.) 

If  two  machines  are  to  give  same  electromotive-force,  the 
diameter  of  the  wire  of  the  coils  must  vary  as  the  linear 
dimensions. 

If,  in  altering  the  field-magnets  of  a  machine  of  any  given 
capacity,  the  lengths  of  the  several  portions  of  the  magnetic 
circuit  remain  the  same,  but  the  several  areas  are  altered, 
then  the  wire  for  rewinding  must  have  its  cross-sectional 
area  altered  in  proportion  to  the  periphery  of  the  section  of 
the  cores. 

The  resistance  of  a  coil,  the  volume  of  which  is  known,  and 
which  is  wound  with  (round)  copper  wire  of  diameter  d  milli- 
metres, enlarged  by  insulation  to  a  diameter  of  D  millimetres, 
can  be  calculated  by  the  following  rule,  which  is  based  on  the 
assumption  that  the  partial  bedding  of  the  convolutions  allows 
of  10  per  cent,  more  wires  being  got  in  than  would  be  the  case 
if  they  were  exactly  wound  in  square  order.  This  figure  can 
only  be  approximate,  as  the  amount  of  bedding  varies  some- 
what with  the  relative  thickness  and  pliability  of  the  coating 
of  insulating  materials,  as  well  as  with  the  gauge  of  the  wire. 
If  V  be  the  volume  in  cubic  centimetres,  the  resistance  r  of  the 
coil  in  ohms  (cold)  will  be 


r  =  0*0244 


V 
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If  V  be  expressed  in  cubic  inches,  and  D  and  d  in  mils. 
(i  mil  =  'ooi  inch),  then  the  approximate  formula  becomes 

r  =  960,700  gj^. 

Length  and  Diameter  of  Armatures. 

Various  rules  have  been  given  for  the  ratio  between  the 
length  of  an  armature  and  its  diameter,  embodying  the  results 
of  practice. 

In  the  case  of  two-pole  dynamos  the  usual  dimensions  for 
ring  armatures  vary  from  L  =  Jd?to  Ls=i^^;  L=d? 
being  frequent  The  symbols  here  refer  to  measurements  on 
the  unwound  core.  For  drums  L  =  2  ^  is  frequent,  though 
the  values  L,  =:  i^d  and  L  =  3  ^  are  also  found. 

Section  of  Field- magnets. 

Comparison  of  the  machines  of  various  makers  shows  that 
for  ring  machines  the  usual  practice  is  to  allow  for  magnet- 
cores  of  ring  machines  a  cross  section  1*66  times  that  of 
the  armature  core,  if  of  wrought  iron  ;  or  3  times,  if  the 
magnet  core  is  of  cast  iron.  For  the  magnet-cores  of  drum 
machines  the  usual  figures  are  i  '25  and  2*3. 

The  question  sometimes  arises  what  is  the  best  sAape  of 
section  to  give  to  magnet-cores.  This  point  is  readily 
answered  by  considering  the  geometrical  fact  that  of  all 
possible  forms  enclosing  equal  area  the  one  with  least 
periphery  is  the  circle.  For  facilitating  comparison,  the 
following  table  exhibits  the  relative  lengths  of  wire  required 
to  wind  round  various  forms  of  section  enclosing  equal  area ; 
the  area  of  the  simple  circular  form  being  taken  as  unity,  and 
allowance  made  for  thickness  of  winding. 

Circle         3-54 

Square 4*00 

Rectangle,  2  : 1 4*24 

Rectangle,  3:1 4 '  62 

Rectangle,  10  : 1        6*91 

Oblong  made  of  one  square  between  two  semicircles  3*76 

Oblong  made  of  two  squares  between  two  semicircles  4*28 
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Two  circles  side  by  side 

Two  circles,  but  wire  wound  round  both  together . , 
Three  circles  „  „  „  „  each  separately 
Four  circles    „      „        „         „        „  „ 

Symmetry  of  Field-magnets. 
It  was  pointed  out  on  p.  206,  that  in  two-pole  sii 
field-magnets  the  field  is  unsymmetrical,  being  mm 


Old  FlELD-MAGHIT  OF  THE  alsacian  Compaky 


New  Field-magnet  op  the  Alsacian  Comfant 
between  the  inner  horns  than  between  the  outer  ht 
pole-pieces,  if  the  poles  are  shaped  away  as  in  Fig,  i 
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This  produces  several  evil  results.  Firsji^  the  armature 
is  attracted  downwards  as  a  whole  (see  p.  387)  ;  secondly,  the 
armature,  if  ring-wound  will  be  electrically  out  of  balance, 
owing  to  the  unequal  magnetic  fields  at  opposite  ends  of  a 
diameter;  thirdly,  the  neutral  points  for  non-sparking  will 
not  be  at  opposite  ends  of  a  diameter.  Fig.  284  depicts  a 
60-kilowatt  dynamo  of  the  Alsacian  Company  which  had 
these  defects,  and  was  replaced  by  the  more  massive  form 
shown  in  Fig  285,  having  cast-iron  polar  caps  that  slip  on 
over  wrought-iron  cores. 

Effect  of  Widening  the  Gap-space. 

The  effect  of  widening  the  gap-space  is  in  every  case  to 
cause  a  larger  amount  of  energy  to  be  spent  in  maintaining 


Fig.  286. 
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the  magnetic  field  across  the  gap.  Or,  in  other  words,  more 
ampere-turns  are  required  on  the  field-magnet.  It  also 
has  some  other  results.     It  slightly  increases   the  leakage 
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coefficient  v.  It  enables  more  copper  or  thicker  conductors  to 
be  wound  on  the  armature,  diminishing  its  internal  resistance  ; 
and,  if  the  armature  has  not  been  loaded  beyond  the  safe 
point  of  sparklessness,  increases  the  output  of  the  machine. 
It  has  the  further  not  unimportant  result  of  increasing  the 
reluctance  in  the  path  of  the  cross-magfnetizing  magneto- 
motive-forces, and  <;liminishes  their  prejudicial  action.  Some 
ideas  as  to  the  first  of  these  effects  may  be  gathered  from 
considering  the  characteristic  curves  given  by  Arnoux,  in 
Fig.  286,  showing  the  result  of  widening  a  gap-space  from 
8  to  10,  and  then  to  13*2  millimetres.  Here  we  find  that  the 
initial  slopes  of  the  characteristic  right  are  given  by  lines 
whose  tangents  are  inversely  proportional  to  the  gaps  :  for  the 
heights  cdy  bd,  and  ad,  are  inversely  proportional  to  the 
numbers  given  as  the  widths  of  the  gap-spaces;  It  will  be 
noted  that  for  the  upper  part  of  the  characteristics  the  three 
lines  approach  one  another.  Obviously  the  suggestion  that 
the  intensity  of  field  of  a  dynamo  is  in  inverse  ratio  to  the 
gap-space  does  not  hold  for  dynamos  at  the  working  degree 
of  excitation. 


Interference  of  Armature  Field. 

As  explained  in  Chapter  IV.,  p.  y6y  the  armature-current 
tends  to  cross-magnetize,  and,  if  the  brushes  have  a  forward 
lead  (or  in  a  motor  a  backward  lead)  tends  also  to  demag- 
netize the  field.  We  saw  on  p.  87  that  the  position  of  the 
neutral  point  for  non-sparking  is  affected  by  this  interference  ; 
and  on  p.  285  we  learned  how  to  compensate  the  demagnetizing 
effect  We  have  now  to  consider  the  matter  further  from  the 
point  of  view  of  dynamo  design. 

In  the  first  place,  let  us  examine  the  behaviour  of  some 
existing  dynamo,  by  observing  the  relation  between  its 
voltage  and  the  amount  of  excitation,  at  some  constant 
speed,  under  varying  conditions  of  load.  Let  the  lead  given 
to  the  brushes  be  varied  as  required  to  fulfil  the  condition  of 
sparklessness.  First  let  a  curve  be  found  with  zero  armature 
current ;  then  with  a  50  ampere  load,  then  with  100  amperes, 
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and  so  forth.  The  experiments  should  be  made  in  each  case 
by  beginning  with  the  highest  excitation  (and  smallest  angle 
of  lead)  and  gradually  diminishing  the  excitation  (and  in- 
creasing the  lead)  until  a  sparkless  position  can  no  longer  be 

Fig.  287. 
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Load-Curves  op  a  Dynamo. 


found  for  the  brushes.  This  dynamo^  was  intended  for  a 
normal  output  of  150  amperes  at  70  volts.  It  will  be  found 
that  in  each  case,  the  smaller  the  load  the  more  may  the 
excitation  of  the  field  be  diminished  before  the  state  of  things 
is  reached  that  no  neutral  point  can  be  found.  In  other 
words,  there  will  always  be  some  definite  relation  between  the 
ampere-turns  on  the  armature,  and  those  on  the  field-magnet 
which  fixes  the  working  limit  of  sparklessness.  We  shall 
presently  enquire  into  this  relation.  For  the  present  it  may 
be  remarked  that  these  load-curves^  give  us  much  informa- 
tion as  to  the  necessary  windings  of  the  field-magnet,  how 

*  See  Amonz  in  Bull  de  la  Soc.  Int,  des  EUctriciem^  vi.  61,  1889. 

'  For  other  examples  of  load-corves  see  Esaon  in  Journal  InsHt,  Electrical. 
Engineers^  xix.  152,  1890;  and  Kapp  in  Proc,  Instil,  Civil  Engineers^ 
Feb.  1889. 
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many  ampere-turns  must  be  contributed  on  open  circuit  by 
the  shunt  coil,  and  how  many  compensating  ampere-turns 
must  be  added  by  the  series  coil  in  order  to  keep  up  the 
voltage. 

Limits  of  Load  and  Non-sparking  Point. 

Two  things  limit  the  output  of  a  dynamo :  the  heating  of 
its  armature  conductors,  and  sparking  at  the  brushes.  Given 
a  dynamo,  if  by  widening  the  gap  a  little  and  rewinding  its 
armature  with  copper  wire  of  double  cross-section,  we  reduce 
its  resistance  to  one  half,  we  may  then  take  from  it  a  double 
current  with  no  more  heating  than  before,  provided  it  still 
does  not  spark.  Such  a  reconstituted  machine  of  double 
output  would  clearly  cost  less  than  two  of  the  previous 
pattern.  But  the  limit  of  such  an  augmentation  of  the  output 
by  increasing  the  ampere-turns  on  the  armature  is  reached 
very  soon ;  for  the  cross-magnetizing  tendency  is  doubled, 
and  the  lead  increased,  and  the  demagnetizing  tendency  more 
than  doubled  by  doubling  the  ampere-turns  of  the  armature. 
These  perturbing  effects  may  be  all  included  under  the  general 
name  of  interference  used  in  the  previous  paragraph:  they 
have  been  investigated  more  or  less  fully  by  Hopkinson,^  and 
more  completely  by  Swinburne^  and  by  Esson,'  whose  results 
mainly  occupy  the  remainder  of  this  chapter. 

It  has  been  pointed  out,  on  p.  84,  that  because  the 
individual  sections  of  the  armature  winding  possess  self- 
induction,  the  reversal  of  the  current  in  them  in  the  act  of 
commutation  as  they  pass  the  brush  requires  the  presence 
of  an  impressed  electromotive  -  force ;  and  that  this  is 
accomplished  by  giving  the  brush  a  lead  (forward  in  a 
dynamo,  backward  in  a  motor)  so  that  that  section  in  which 
the  current  is  to  be  reversed  is  at  that  time  passing  through  the 

>  Philosophical  Transactions^   1886,  pt  i.,  p.  331  ;  and  Elictrician^  xviii., 
Dec.  1886. 

*  Jottmal  Instit  Electrical  Engineers y  xv.,  540,  1886;  and  xix.,  90  and 
265, 1890. 

•  Ibid.^  xix.  118,  1890;  and  xx.  265,  1891  ;  also  Electrical  Worlds  xv. 
213,  1890.  See  also  Electrical  RcviriUy  series  of  articles  on  Synthetic  Study  of 
Dynamos,  1890. 
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fringe  of  the  magnetic  field.  The  stronger  the  current  to  be 
reversed,  the  stronger  is  the  field  necessary  for  sparkless 
reversal.  But  the  field  under  the  "  trailing  "  horn  of  the  pole- 
piece  (or  in  a  motor,  the  "  leading "  horn),  near  which  com- 
mutation must  take  place  is,  as  we  have  seen  (Figs.  63  and 
67),  weakened  by  the  interference  of  the  armature.  Now 
the  cross-magnetizing  action  of  the  armature  tends  to  send 
magnetic  lines  up  (see  usual  diagram  Fig.  62,  p.  78)  both 
sides  of  the  ring  core,  which  tend  to  cross  the  gaps  and  return 
through  the  masses  of  the  pole-pieces  ;  the  strongest  cross- 
magnetizing  force  in  the  gaps  being  under  the  tips  of  the 
polar  horns.  This  cross  action  opposes  the  normal  flux  of 
magnetic  at  the  top  right  and  bottom  left  corners  (of  Fig. 
63),  and  helps  it  at  the  other  two.  The  cross-magnetizing 
magnetomotive-force  under  the  pole-tips  (assuming  the  gaps 
alone  to  offer  any  appreciable  reluctance)  is  equal  to  ^tt 
times  the  ampere-turns  of  all  the  conductors  that  lie  in  the 
gaps,  or  within  the  angle  of  polar  span  '^.  Using  the  usual 
symbols — C  for  the  number  of  conductors  around  the  armature, 
and  /.  for  total  armature  current — we  have  for  the  total 
ampere-turns  on  the  armature  ^  C  X  J/a,  of  which  -^-4-  180^ 
are  effective,  and  of  which  the  half  may  be  taken  as  the  part 
operative  in  either  place  where  the  cross-circuit  crosses  a  gap. 
If  ^  is  taken  at  120°,  the  cross-force  under  the  tip  will  be 

iC  Xi/a  Xi  Xt^tt  X||g  =  0  4  X  0-104; 

or  equals  the  ampere-turns^  on  the  armature  multiplied  by 
0'4i6.     Now   let  us  see  what   number  of  ampere-turns  on 

*  This  tenn  is  here  used  precisely  as  for  any  electromagnet  In  two«pole  drum- 
armatures  it  is  half  the  armature  current  multiplied  by  half  the  number  of  external 
conductors.  In  multipolar  machines  (wound  with  parallel  grouping)  it  is  equal 
to  total  current  multiplied  by  total  number  of  conductors  and  divided  by  the 
square  of  the  number  of  poles.  In  Esson's  paper  of  1890  {Journal  /.  E,  E.^  xix. 
H3)>  the  term  ampere>tums  was  used  in  a  different  sense,  namely,  as  the  pro- 
duct of  the  total  number  of  conductors  into  the  current  carried  by  each.  This  is 
the  same  thing  to  which  in  his  paper  of  189 1  {Joumal  L  E,  E,,  xx.  266)  he 
gave  the  not  very  apposite  name  of  *  volume,'  but  which  would  have  been  better 
described  as  the  total  circulation  of  armature  current.  The  name  used  here  for 
this  quantity  is  the  circumflux.  For  two-pole  machines  the  circumflux  is  twice  the 
ampere-turns  ;  for  four-pole  machines,  four  times,  &c.' 
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the  armature  would  produce  a  cross-force  in    the  gap  just 
exactly  balancing  the  normal  magnetizing  force  there,  so  as  to 
neutralize  the  field  under  the  pole-tip.     In  that  case  sparkless 
reversal  would  be  impossible,  and  so  we  should  have  ascer- 
tained the  limit  of  load.     Now   the  difference  of  magnetic 
potential  in  the  gap  (or  that  part  of  the  magnetomotive-force 
that  is  spent  therein)  is  equal  to  the  product  of  the  magnetic 
reluctance  of  the  gap  into  the  flux  across  it     If  4  be  the  length 
across  the  gap  and  A2  the  polar  area,  the  reluctance  of  the 
gap  is  4  -7-  Aa,  and  the  magnetic  potential  difference  in  it  is 
=  N  /a  -7-  A2.     Now  call  the  length  of  the  armature  core  or  of 
the  pole-face,  parallel  to  the  axis,  L ;  the   breadth  of  the 
pole-face  measured  along  the  curve  from  tip  to  tip  b\  the 
radial  depth  of  the  core  r ;  and  its  sectional  area  Ai.     We 
may  assume  that  in  the  core  the  magnetization  is  pushed  to 
B  =  17,000.    Then  we  have  the  following  relations : — 

N  =  17000  Aj ;  Ai  =  r  L ;  Aj  =  *  L. 

Substituting  these  in  the  preceding  expression,  and  cancelling 
out  L,  we  get — 

Magnetic  potential  in  gap  =  17000  X  r  x  7a  -r  ^. 
Equating  this  to  the  cross-force  we  get — 

Qi       40900  r/a 
4  "        * 
For  some  purposes  it  is  more  conveitient — particularly  in 
relation  to  multipolar  machines — ^to  consider  not  the  ampere- 
turns  of  the  armature,  but  the  effective  circulation  of  current  as 
reckoned  by  multiplying  together  the  number  of  armature 
conductors  and  the  current  carried  by  each  independently  of 
its  direction.     This  quantity,  here  denoted  by  the  symbol  Q, 
we  shall  call  the  circumflux}     It  is  equal  to  the  product  of 
the  whole    armature    current,  into  the    whole    number    of 
armature  conductors,  divided  by  the  number  of  poles.     For  a 
two-pole  dynamo  we  then  have  as  the  limiting  load  on  the 
armature : — 


Q  = 


QL       81800  f-A 


'  Called  by  Esson  at  one  time  the  "  ampere-turns,*'  and  later  the  "  volume  " 
of  the  armature  current.     See  preceding  foot-note. 
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Esson/  gives  the  result  of  observation  of  a  number  of 
modem  dynamos  by  different  makers,  and  found  the  actual 
numerical  coefficient  to  vary  from  61265  to  9S905  for  ring 
machines,  with  a  mean  of  85000,  differing  little  from  the 
theoretical  8 1 800  given  above. 

From  the  foregoing  it  appears  that  the  maximum  load 
which  an  armature  can  carry,  within  the  limit  of  sparklessness, 
is  directly  proportional  to  the  radial  depth  of  core,  and  to  the 
length  of  the  gap,  but  inversely  proportional  to  the  breadth  of 
the  polar  span.  If,  therefore,  taking  an  existing  machine 
whose  load  is  just  within  the  spark  limit,  we  wish  to  make  it 
carry  a  heavier  load  (or  more  copper  on  the  armature)  we  may 
do  so  either  by  increasing  the  radial  depth  of  the  core-disks,  or 
by  increasing  the  gap-space  (whether  wanted  for  copper  and 
clearance  or  not),  or  lastly,  by  diminishing  the  breadth  of  span 
of  the  polar  faces.  The  first  of  these  causes  means  a  new 
armature ;  the  second  requires  the  pole-faces  to  be  bored  out 
afresh,  and  also  means  some  (not  large)  addition  to  the 
magnetizing  power  of  the  field-magnet ;  the  third  has  the 
effect  of  concentrating  the  magnetic  flux,  therefore,  lowering 
slightly  the  permeability,  and  necessitating  either  a  slightly 
higher  speed  or  a  slight  increase  in  the  magnetizing  power. 

The  circumflux  or  polar  circulation  of  armature  current 
permissible  for  an  armature  of  given  diameter  may  be  given 
in  terms  of  the  diameter  by  assuming  (for  ring  two-pole 
armatures)  that  b  -  \*o^  d\  r  =  Cid;  and  /i  =  0*05  d. 

Substituting  these  values,  we  get 

Esson  takes  400  d  (centimetres)  as  the  limiting  value  of  Q, 
for  rings,  and  600  d  as  the  value  for  drums.  Kapp  allows 
1000  ampere-turns  (or  2000  circumflux  in  case  of  two-pole 
machine)  for  each  inch  of  diameter  above  12  inches,  as  a  safe 
load 

We  are  now  ready  to  consider  the  safe  output  (watts)  of  a 
dynamo  in  terms  of  its  dimensions. 

'  Journal  LE.E.^  xx.  142,  1890. 
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•  The  gross  output  of  a  bipolar  dynamo  is — 

i  W  =  E/o=  «N  C^«-T- IO^         (seep.  211) 

or  for  a  multipolar  dynamo 

" ;  where  p  stands  for  the  number  of  pairs  of  poles  :    so  that 

*}  the  value  of  Q,  the  circumflux  of  armature   current,  will  be 

tj  C  /« -^  2  /  ;  whence 

W  =  2«  N  X  Q  -r  I0^  [a] 

.1  Now  assume  (as  fair  average  of  actual  cases)  that  pole- 

pieces  together  cover  -j^  of  circumference  (or  2*2  y.  d\  and 
that  the  value  of  B  in  the  gap  is  5000.     Then,  if  L  is  length 

\  of  armature  core  (cms.),  the  working  area  of  the  armature 

through  which  magnetic  lines  go  in  or  out  =  2*2  x  d  X  L  ; 
whence  area  of  any  one  polar  part  is  2 '  2  rf  x  L  -^  2/,  and 
the  flux  of  magnetic  lines  through  any  one  pole  will  be  5000 
times  this ;  or  for  the  total  flux  through  the  2/  poles  will  be 

N  =/  X  SOOO  X2'2d  X  L-^2/=  $$00(1  X  L. 

Inserting  this  value  we  have — 

W  =  1 1000  X  ^/  X  L  X-  «  X  Q  -Mo®  |j8] 

But,  according  to  Esson,  as  above,  Q  =  400  d  for  rings,  or 
600  d  for  drums,  as  the  safe  loads.  Inserting  these  values  we 
get— ^ 

for  rings     W  =  rf^Lw  X  0*0447  p  -. 

for  drums  W  =  rf*  L  »  x  o-o66  3 


\ 
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Now  d^  L  is  proportional  to  the  volume  of  the  armature 
core.  Hence  we  conclude  that  the  output  is  proportional  to 
volume  and  to  speed,  and  is  independent  of  the  number  of 
poles  and  of  the  grouping  of  the  armature  conductors.     Kapp 

'  Esson,  taking  slightly  greater  width  of  pole-pieces,  gets  0*048  and  0*072  as 
the  respective  co-efficients.  Snell  {Journal  LE.E.^  xx.  197)  finds  his  machines 
give  as  their  co-efBcients,  when  translated  into  centimetres  and  seconds  to  corre- 
spond, 0*0375  and  0*056  respectively. 
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finds  it  (for  equal  surface  temperature)  to  increase  as  the 
3i  power  of  the  diameter,  which  is  slightly  higher  than  the 
volume,  probably  because  of  the  somewhat  higher  peripheral 
speeds  attained  by  large  armatures. 

Devices  for  Checking  Sparking. 

Seeing  that  the  cross  induction  is  responsible  for  the 
weakening  of  the  field  needed  for  reversing  the  current 
at  commutation,  various  devices  have  been  suggested  for 
checking  the  evil.  One  is  to  apply  an  auxiliary  reversing 
pole.^  Another,  applicable  to  field-magnets  with  double 
circuit  (such  as  Nos.  8  and  24  of  Fig.  1 19),  is  to  make  a 
deep  nick  between  the  right  and  left-hand  halves,  and  so 
throttle  the  cross-flow  of  magnetic  lines.  Another  suggestion, 
made  by  the  author  of  this  work  some  years  ago,  was  to 
construct  the  field-magnets  of  pieces  of  iron,  with  longitudinal 
gaps,  as  in  Fig.  288.     Another  suggestion,  by  Mr.  Sayers,  is 

Fig.  288. 


to  notch  the  pole  surface,  near  the  pole-tip,  with  a  deep  notch, 
so  as  to  concentrate  the  field,  and  supply  a  "  fringe  "  suitable 
for  reversing. 

Design  of  Multipolar  Dynamos. 

• 

The  advantage  of  using  Q  (the  circumflux)  rather  than 
the  ampere-turns,  in  the  foregoing  investigation,  is  that  the 
spark  limit  of  load  depends  not  on  the  total  ampere-turns  or 
action  of  the  whole  armature  as  an  electromagnet,  but  on 
the  circulation  of  current  per  pole.  Hence  the  results  obtained 

*  See  Swinburne  (Journal  I.E.E,^  xxx.  105,  1890);  and  Housman  (i3.,  xx. 
^99>  1891),  who  maintains  that  if  B  =  7cxx)  under  the  pole-piece,  the  auxiliary 
field  for  reversing  most  be  at  least  =  3000. 
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are  available  immediately  for  multipolar  as  well 
machines,  as  was  pointed  out  by  Esson,  to  whom 
credit  of  this  conception. 

The  formula  at  foot  of  p,  438  may  now  be  re-w 

^  _  277  B  /a . 

where  B  is  the  strength  of  field  in  the  gap-space. 
If  we  assume  the  limiting  values  of  Q,  and  the 
of  B,  as  already  determined,  then  if  ^,  the  angle  of 
be  taken  at  130°  it  follows  that  the  radial  depth  /j 
space  must  not  be  less  than  ^  d  for  rings,  nor  les 
for  drums.  Then,  if  in  order  to  make  a  la 
machine,  whilst  keeping  to  two  poles,  we  increase 
either  increase  /a  or  B,  or  else  diminish  ^,  or  pei 

Fig.  289, 


Four- POLE  Ring  Dvnamo  (Brown). 


combination  of  these  processes,  which  in  any  case 
greater  expenditure  of  power  in  maintaining  the 
gap-space.      Herein  lies   the   advantage  of  multj 
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stniction  for  large  outputs.  Consider  such  a  form  as  Fig.  289 
with  four  poles.  To  prevent  undue  leakage  from  pole  to  pole 
the  distance  between  pole  horns  is  wider  relatively  to  the 
polar  span  than  in  a  two-pole  machine ;  and,  for  an  equally  high 
value  of  B  in  the  gap-spaces,  the  section  of  the  ring  is  reduced, 
its  diameter  enlarged,  and  with  its  diameter  its  cooling  surface. 
For  drum-wound  machines  there  is,  in  addition  to  such 
gains,  the  additional  advantages  that  end-connexions  are 
much  simpler,  and  ventilation  easier^than  for  two-pole  machines. 
But  does  it  pay  the  constructor  to  make  the  change  ?  There 
is  a  little  more  labour  in  tooling  castings ;  but  will  he  save 
copper  ?  A  case  will  show  that,  beyond  a  certain  limit  of  size, 
there  is  a  saving.  Consider  a  two-pole  drum  ;  d  =s  50 ;  L = 90 ; 
B  =  5000  in  the  gap;  -^  =  130°.  Then  it  will  not  be 
sparkless  unless  the  gap-space  4  is  at  least  3  *  2  cm.,  or  about 
0*9  cm.  more  than  is  needed  for  windings  and  clearance.  If, 
to  make  this  work  sparklessly,  we  diminish  the  gap  and  in- 
crease B  to  7,000,  or  diminish  -^  to  100*^,  we  still  gain  nothing 
in  magnetizing  power.  Now  substitute  a  four-pole  drum  : 
rf  =  84 ;  L  =  45  ;  B  =  5000.  With  this  increased  diameter, 
the  gap-space  may  be  reduced  to  a  minimum,  and  the  mag- 
netizing power  may  be  reduced  by  at  least  30  per  cent,  and 
the  total  weight  of  iron  by  nearly  40  per  cent.,  which  will  more 
than  pay  for  the  extra  labour  of  tooling.  Esson  states  that 
the  cost  of  a  four-pole  dynamo,  of  output  W  at  speed  »,  may 
be  put  as  being  equal  to  that  of  two  dynamos,  each  of  out- 
put ^  W  at  speed  2  «,  and  so  forth.  The  cost  of  field-magnet 
castings  is  reduced,  and  their  weight  lessened,  when,  as  in  the 
large  machines  of  Siemens  and  Halske  (Plate  XI.)  the  ring 
is  of  such  large  dimensions  that  the  field-magnet  can  be 
placed  internally. 

For  large  output  machines,  multipolar  forms  are,  then, 
preferable  to  bipolar;  firstly,  because  they  give  their 
maximum  .sparkless  output  with  minimum  clearance,  and 
therefore  with  minimum  weight  of  copper  on  magnet ; 
secondly,  because  they  keep  cooler,  so  that  for  a  given  volume 
of  core  and  winding  there  is  actually  a  greater  output.  Snell 
compared   a  four-pole   drum   machine  of   60  cm.    diameter 
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with  a  two-pole   drum  of  same    diameter — the  one  giving 

300  amperes   at   250   volts,   the   other  70    amperes  at  700 

4    .]  volts,  or  only  about  §  the  output    Multipolar  machines  have 

"\     \\  one  further  advantage  over  two-pole  machines,  in  that  their 

4^     1  length  may  be  varied   relatively  to  the   diameter   without 

much  loss  in  economy.     In  the  case  of  drum  windings  this 

is  very  marked.     For  two-pole  drums  the  best  proportion  is 

:     I  L  =  3  •  3  rf,  and  if  L  =  2  </ there  is  an  increase  of  5  per  cent,  in 

the  copper  used,  or  if  L  =  \\d  the  increase  is  over  10  per 
cent,  whereas  for  four-pole  drums  L  =  ^  rf,  uses  same  copper 
as  L  =  2  rf;  and  for  a  six-pole  drum  L  =  i  rf  is  just  as  good. 

Best  Thickness  of  Gap-space. 

Professors  Ayrton  and  Perry  have  investigated  ^  the  rule  for  the 
best  thickness  of  the  conductors  on  armatures.  Using  the  same 
notation  as  in  the  rest  of  this  book,  their  argument  is  as  follows : — 
The  power  developed  by  the  armature  may  be  written 

or  writing  a  for  the  number  of  amperes  per  square  centimetre  in  the 
cross-section  of  the  armature,  r  for  the  external  radius  of  armature 
core,  and  /  for  thickness  of  external  winding  on  armature, 

C/'a  =  2  a  X  2  Trr/; 
whence 

^irrn  N./a 


-4 


w  = 


108 


Now,  writing  p  as  the  resistance  of  the  armature  winding  per 
centimetre  cube  (including  copper  and  insulation),  the  watts  wasted 
per  cubic  centimetre  in  heating  will  be  =  p  ;  and  the  watts 
wasted  in  heating  the  external  conductors  on  the  armature  m\\  be 
=  27rr//p«";  where  /  is  the  length  of  the  external  conductors  on 
the  armature.  Now  let  the  rise  of  temperature  above  that  of  the 
surrounding  air  be  called  e  (degrees  C),  and  let  z  stand  for  the 
amount  of  heat  (expressed  in  watts)  emitted  per  square  centimetre 
of  surface,  for  an  excess  of  temperature  of  1°  C.  above  the  surround- 
ing air.     Then  the  watts  emitted  as  heat  from  the  whole  external 

■  See  their  paper,  Phil.  Mag,  for  June,  1888. 
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surface  of  the  armature  will  be   -  zB^irrL    Equating  the  watts 
generated  and  the  watts  emitted  at  the  surface,  we  have 

2  irrtlpc?  s=  gB2'irrly 

9 

Now  write  a^,  ^1,  w^^  and  N^  as  the  highest  permissible  values  of 
a,'6,  w,  and  N  respectively.  And  write  q  for  ^z  BJp.  It  appears 
that  the  value  oi  q  in  the  best  modem  machines  is  about  288.  Now 
ta^  q  aJ  t     Inserting  this  value,  we  get 


w^  = 


47rr« 


^""    io» 


Nx^V^ 


Now  by  the  principle  of  the  magnetic  circuit,  p.  177  we  have 


N=-^^^ 


4'ir  Si/10 


Aa       "^  ^  A  /A 

where  d  is  the  clearance  between  the  surface  of  the  armature  windings 
and  the  curved  face  of  the  polar  surface  of  the  magnpt,  Aj  the  effec- 

/y 
tive  area  ofthe  polar  surface,  and  2-^  the  magnetic  reluctance  of  the 

'^ 
iron  parts  of  the  magnetic  circuit     Assume  that  N  is  worked  up  to 

its  highest  permissible  value  Ni,  then  we  may  write 

A        ^^Afi 

This  expression  varies  in  value  when  the  value  given  to  /  is  varied, 
and  it  can  be  shown  to  have  a  maximum  when  the  value  of  /  is  such 
that 

2/_^2//^     /v 

A2  ""  Aa  "•       A/A* 

That  is  to  say,  the  permissible  continuous  output  of  the  machine 
is  a  maximum  when  the  thickness  of  the  winding  on  the  armature  is 
such  that  tAe  magnetic  reluctance  of  the  spc^e  occupied  by  the  winding 
on  the  armcUure  is  equal  to  the  reluctance  of  the  rest  of  the  magnetic 
circuit. 
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CHAPTER  XVII. 

ARC-LIGHTING  DYNAMOS. 

For  supplying  arc  lights,  it  is  usual  to  arrange  the  lamps  all 
in  series,  even  to  as  many  as  60  or  80  lights,  and  to  provide 
a  dynamo-machine  which  will  give  a  constant,  or  nearly 
constant,  current  at  a  sufficiently  high  voltage.  The  usual 
current  for  which  arc  lamps  are  designed  is  10  amperes. 
Some  of  the  Thomson- Houston  lamps  are  designed,  however, 
for  6*8  amperes,  and  Ball  arc-lamps  for  4  amperes.  These 
are  therefore  exceptions.  On  the  other  hand,  the  arc  lamps 
used  for  search-lights  and  lighthouse  work  are  designed  to 
take  larger  currents,  up  to  200  amperes  or  more.  Continuous- 
current  voltaic  arcs  cannot  be  maintained  burning  steadily 
unless  they  are  fed  at  a  pressure  of  about  40  to  45  volts  for 
each  lamp.  If  the  pressure  is  insufficient,  the  arcs  will  give 
out  a  hissing  sound.  The  steady  arc  behaves  as  though  it 
exercised  a  counter  electromotive-force  of  about  39  volts. 
When  arc  lamps  are  to  be  used  in  parallel  with  one  another, 
the  mains  must  have  a  greater  difference  of  potential  than 
45  volts — 55  or  60  vglts  is  preferable — in  order  that  ad- 
ditional resistances  may  be  introduced  to  steady  the  current 
through  each  lamp.  Such  additional  resistances  are  not 
necessary  when  a  number  of  arc  lamps  are  used  in  series,  as 
they  help  to  steady  one  another.  The  dynamo  ought,  how- 
ever, to  be  so  governed  as  to  keep  the  current  constant,  at 
the  same  strength,  no  matter  how  many  or  few  lamps  are 
intercalated  in  the  circuit 

In  arc-lighting  in  series,  the  function  of  the  dynamo  is  to 
keep  the  amperes  constant ;  whilst  each  lamp  is  provided 
with  a  shunt  device  which  governs  the  movement  of  the 
carbons,  so  that  the  feeding  of  them  shall  keep  the  length  of 
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the  arc,  and  the  volts  at  the  terminals  of  the  lamp,  approxi- 
mately constant. 

We  may  take  it,  therefore,  that  a  system  of  20  arcs  in 
series  will  require  a  dynamo  giving  a  current  of,  say,  10 
amperes,  and  a  pressure,  when  all  the  lamps  are  in  use,  of 
nearly  1000  volts.  This  allows  45  volts  per  lamp,  and  5  volts 
more  for  the  resistance  of  the  wires  between  each  lamp  and 
the  next. 

Constant  current  dynamos  are  also  needed  for  the 
purposes  of  municipal  lighting  by  means  of  special  glow- 
lamps,  with  thick  carbon  wires  instead  of  thin  filaments 
connected  in  series,  so  that  the  same  current  flows  succes- 
sively through  a  large  number  of  them. 

It  was  suggested  by  Deprez  in  1881,  that  by  a  species  of 
compound  winding,  consisting  of  an  initial  excitation  and  a 
shunt  excitation  combined,  a  dynamo  might  be  constructed 
to  give  a  constant  current  at  constant  speed.  The  assump- 
tion which  underlay  his  reasoning,  that  the  magnetism  is 
proportional  to  the  exciting  power,  is,  we  know,  not  justified 
except  for  the  early  and  unstable  stage  of  magnetization ; 
and  all  attempts  to  produce  a  practical  compound  winding  for 
this  purpose  have  failed. 

Owing  to  the  circumstance  (p.  no)  that  the  torque  of  a 
dynamo  is  proportional  to  the  current,  it  is  found  that  when 
a  dynamo  with  well-excited  field-magnets  is  driven  from  its 
own  engine,  with  constant  steam-pressure,  but  not  governed  to 
run  at  a  fixed  speed,  it  will  of  itself  run  very  nearly  at  such 
speeds  as  shall  keep  the  current  constant.  But  as  this  mode 
of  governing  is  inadmissible  in  those  cases  where  the  engine 
has  to  drive  at  a  constant  speed,  other  modes  of  keeping  the 
current  constant  are  resorted  to,  which  are  discussed  in 
Chapter  XXVII.  on  Regulators. 

For  the  production  of  constant  currents  at  such  high 
voltages  as  2000  to  3000  volts  the  ordinary  ring  and  drum 
armatures,  wound  in  a  closed  coil,  in  numerous  sections,  and 
provided  with  a  commutator  consisting  of  numerous  closely- 
packed  parallel  bars,  have  not  been  found  entirely  satisfactory, 
for  the  commiltator  of  this  type  is  liable  to  give  way  under 
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the  high  pressure,  and  to  deteriorate  under  the  action  of  long 
sparks  flashing  over  its  surface  from  brush  to  brush  under  the 
wide  alterations  of  lead  that  are  inseparable  with  this  mode 
of  working.  In  Deprez's  experiments  on  transmission  of 
power  to  a  distance  by  currents  at  very  high  pressure, 
machines  with  Gramme  armatures  wound  with  very  fine  wire 
were  used,  giving  from  4000  to  6000  volts.  They  gave  in- 
cessant trouble  from  the  breaking  down  of  the  resistance. 
Nevertheless,  good  results  have  been  obtained  more  recently 
by  Messrs.  Paterson  and  Cooper,  and  also  by  Lahmeyer  of 
Frankfort,  in  the  use  of  high  voltages  in  machines  having 
ordinary  commutators  with  many  segments.  Experience, 
however,  is  in  the  main  against  the  use  of  armatures  of  this 
type.  More  simple  forms  are  needed  that  will  not  break 
down  under  the  conditions  of  work.  These  forms  are 
usually  associated  with  other  modes  of  construction  in 
which  the  armature  winding  does  not  constitute  a  closed 
coil. 

Open-coil  Dynamos. 

As  explained  on  p.  40,  it  is  possible  to  construct  armatures 
in  which  the  separate  coils  or  sections  of  the  windings  are 

Fig.  290. 


Simple  Open*coil  Armature. 


not  united  together  into  one  closed  circuit  An  example  is, 
given  in  Fig.  290.  This  diagram  (v/hich  should  be  compared 
with  Fig.  24,  p.  37)  shows  an  armature   consisting  of  two 
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separate  loops,  set  in  planes  at  right  angles  to  one  another, 
so  that  when  one  is  passing  through  the  inactive  region  the 
other  is  in  the  position  of  maximum  action.  There  is  no 
reason  why  these  two  loops  should  not  have  each  a  separate 
2-part  commutator  like  that  of  Fig.  24 ;  and  one  pair  of 
brushes  might  press  on  both  commutators.  It  is,  however, 
obviously  more  convenient  to  unite  these  two  commutators 
into  a  single  one  of  four  parts,  as  in  Fig.  290 ;  and  then  it 
will  at  once  be  seen  that  as  this  rotates  between  its  pair 
of  brushes  one  loop  only  will  be  in  action  at  once,  the  other 
loop  being  cut  out  of  circuit  for  the  time  being.  It  would 
clearly  be  possible  to  arrange  any  number  of  loops  or  coils 
in  this  way  so  that  only  that  loop  or  coil  which  was  passing 
through  the  position  of  maximum  action  should  be  feeding 
the  brushes,  all  the  rest  being  meantime  open-circuited.  A 
ring  armature  wound  in  sections  might  of  course  be  similarly 
arranged,  so  that  the  pairs  of  sections  had  each  a  separate 
commutator  ;  and  Fig.  291  (which  should  be  compared  with 
Fig.  31,  p.  39)  shows  such  a  ring,  but  with  the  two  commuta- 
tors cut  down  and  formed  into  a  4-part  collector. 


Fig.  291. 


Four-part  Open-coil  Ring  Armature. 

It  will  be  noticed  that  each  coil  is  joined  at  the  back  to 
the  one  diametrically  opposite  to  it,  and  that  the  front  ends 
of  the  coils  pass  to  the  commutator.  As  a  matter  of  fact,  it 
would  make  no  difference  in  either  of  these  armatures  were 
the  wires  which  cross  at  the  back  all  united  where  they  meet. 
In  order  further  to  follow  the  action  we  will  refer  to  Fig.  292. 


Arc-LigfUing  Dynamos. 


451 


Fig.  292. 
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Induction  of  Currents  in 
Armature. 


This  diagram  represents  by  means  of  radial  arrows  the 
electromotive-forces  induced  in  a  loop  or  loops  rotating 
{left-handedly,  as  it  happens,  in  this  figure)  in  a  magnetic 
field  (with  N-pole  on  the  left  in 
this  case).  The  action  is  a  maxi- 
mum along  the  line  of  the  re- 
sultant magnetic  field  m  m! 
(which  would  be  horizontal  were 
it  not  for  the  reactions  explained 
in  Chapter  IV.),  and  is  a  mini- 
mum along  the  line  ««'.  The 
reader  will  remember  that  line 
nri  is  the  neutral  line  which 
lies  nearly  at  right  angles  to 
the  line  of  maximum  magneti- 
zation ;  and  that,  for  those 
armatures  in  which  all  the  coils 

are  joined  together  in  a  closed  circuit,  it  is  at  n  ti  that 
the  brushes  have  to  be  placed.  But  when  each  coil  is  in- 
dependent of  the  others  it  is  no  use  putting  the  brushes  at 
n ri ;  they  must  be  put  dXmni \  the  line  of  maximum  action 
coinciding  in  this  case  with  the  diameter  of  commutation. 
But  those  coils  which  lie  very  near  the  line  m  ni  are  under- 
going induction  very  nearly  as  strongly  as  the  actual  pair 
that  lie  in  that  line  :  it  would  therefore  naturally  occur  that 
the  current  might  be  simultaneously  collected  from  more  than 
one  coil  at  once,  either  (i)  by  making* the  pieces  of  the  com- 
mutators overlap,  or  (2)  by  connecting  to  the  brushes  that 
touch  on  the  line  m  in  another  pair  having  either  a  forward 
or  a  backward  lead.  If  we  now  consider  Fig.  293  we  shall 
see  this  a  little  more  clearly.  This  figure  is  a  diagram  of 
such  an  armature,  the  coils  or  loops  being  here  represented 
merely  by  wavy  lines. 

The  wavy  line  A  C  may  represent  either  a  pair  of  coils 
such  as  there  are  in  Fig.  293  on  the  ring,  or  may  represent 
a  single  loop  or  group  of  windings  round  a  drum.  There 
is  a  pair  of  commutator-plates  for  A  C,  and  another  at  right 
angles  for  B  D.     Coils  A  and  C  are  just  coming  into  the  posi- 
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:ion  of  best  action ;  they  are  delivering  a  curre 
t)rushes  P  P,  and  this  current  will  accordingly  increa 
and  then  decrease  again.  Meantime  coils  B  and  1 
If  the  four  parts  of  the  compound  commutator  ea 

Fic.  293. 


just  a  quarter  of  the  circumference,  it  is  clear  tha 
comes  into  action  its  plane  makes  an  angle  of  45" 
and  that  just  as  it  leaves  contact  with  the  brush  m 
an  angle  of  45°  on  the  other  side,  being  in  cor 
intermediate  positions ;  and  so  with  each  coil  a 
the  brushes.  There  will  be  a  momentary  break 
and  a  spark  as  the  two  successive  segments  pass 
brush,  unless  the  brush  touches  both  at  once, 
bering  that  Fig.  29,  p.  38,  represents  the  altematii 
from  a  single  loop  or  pair  of  coils,  and  that  Fig 
represents  the  same  currents  rectified  by  the  use  ' 
two-part  commutator,  we  shall  be  able  to  represen 
of  our  new  arrangement  by  some  such  diagram  a 
The  angles  marked  below  are  reckoned  from  t 
line  ««'.  When  coil  A  has  gone  round  90° 
position,  it  is  in  the  position  of  maximum  indu 
because  the  segment  A  of  the  commutator  is  ib 
breadth,  the  current  will  be  collected  from  4; 
The  shaded  portions  of  the  curve  show  the  dts 
efTect  due  to  the  coils  A  and  C  coming  into  cin 
two  quarters  of  the  rotation.     The  coils  B  and  ] 
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in  the  intervals,  as  indicated  by  the  dotted  lines.  The 
induced  currents  will  therefore  present  an  approximate  con- 
tinuity depending  on  the  arrangements  of  the  commutator 
and  the  brushes.     Fig.  295  represents  the  effect  when  there 


Fig.  294. 


Fig.  295. 


Fig.  296. 


Curves  illustrating  the  Production  op  Currents  by 

USING  AN  OpEN-COIL  FOUR-PART  ARMATURE. 


are  gaps  between  the  segments  of  the  commutator ;  and  it 
will  be  noticed  that  the  currents,  though  all  of  the  same  sign, 
are  discontinuous.  If  the  brushes  thus  left  contact  with 
one  segment  of  the  commutator  before  the  next  come  into 
contact  there  would  inevitably  be  a  considerable  amount  of 
sparking.  Fig.  296  shows  the  result  of  making  contact 
with  one  set  before  the  other  set  is  cut  out ;  the  induced 
current  being  now  continuous,  but  with  undulating  fluctua- 
tions of  strength.  During  the  time  when  both  sets  of  coils 
are  in  contact  with  the  brushes,  they  are,  of  course,  in  parallel 
with  one  another.  During  this  stage  of  the  action  the 
resistance  of  the  armature  is  half  as  great  as  when  one  of 
the  coils  is  cut  out ;  but  it  is  necessary  to  cut  out  the  idle 
coil,  otherwise  some  of  the  current  from  the  active  coil  would 
flow  back  uselessly  through  the  idle  coil  that  was  in  parallel 
with  it  During  the  time  when  the  two  sets  of  coils  are  in 
parallel  they  are  not  equally  active.  The  induced  electro- 
motive-force is  increasing  in  one  and  diminishing  in  the 
other ;  there  is  but  a  moment  when  they  are  equally  active—^ 
when  they  make  equal  angles  with  m  m*.  At  all  other 
moments   the  higher  electromotive-force  of  the  more  active 
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coil"  tends  to  send  a  back-current  through  the  less  a 
and  the  net  electromotive-force  with  which  they  i 
brushes  will  be  the  mean  of  their  two  separate  elec 
forces. 

From  what  has  now  been  said,  it  will  be  clear 
coil  armatures  may  be  constructed  either  as  rings, 
disks.  They  may  be  arranged  to  run  either  in  a 
in  a  multiple  magnetic  field.  The  principal  dyn. 
structed  upon  this  plan  are  the  Brush  machint 
Thomson-Houston  machine  :  but  there  are  a  few  ot 
also  come  within  the  category  of  open-coil  dynami 

Brush's  Dynamo. — One  of  the  best  known  and  It 
stood  of  these  machines  is  the  Brush  dynamo.  I 
form,  and  the  disposition  of  the  field-magnets 
gathered  from  Fig.  297.  The  field-magnets  are  ver 
tially  built.  The  magnet  heads  are  insulated  wit} 
the  so-called  vulcanised  fibre,  thoroughly  vamisl: 
field-magnet  cores  are,  however,  first  surrounded  v 
sheet  of  copper,  soldered  together  at  the  edges  so  ; 
a  continuous  tube  or  envelope.  The  object  of  tl 
coating  is  to  absorb  the  induced  extra  currents  whicl 
would  be  set  circulating  in  the  core  whenever  a  v 
the  magnetism  occurred.  Over  the  copper  envelope 
four  or  five  thicknesses  of  very  heavy  paper  satui 
shellac  varnish  to  insulate  the  wire  from  the  iron, 
of  the  Brush  dynamos  there  is  a  double  winding,  1 
"teazer"  circuit  being  added  to  maintain  the  ma] 
the  field-magnets  when  the  main  circuit  is  open 
automatic  regulator,  described  briefly  in  Chapter  3 
used  with  arc-lighting  Brush  machines. 

The  armature — a  ring  in  form,  not  entirely  over-w 
coils,  but  having  projecting  teeth  between  the  coil 
Pacinotti  ring — •is  a  unique  feature.  Though  it  so  far 
Pacinotti's  ring,  it  differs  more  from  the  Pacinotti 
than  that  armature  differs  from  those  of  Siemens, 
Edison,  Blirgin,  &c. ;  for  in  all  those  the  successiv 
are  united  In  series  all  the  way  round,  and  constitu 
sense,  one  continuous  bobbin.  But  in  the  Brush  arma 
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is  no  such  continuity.  The  ring  itself  was  formerly  made  of 
malleable  cast  iron.  The  wire  spaces  were  planed  or  milled 
out,  and  all  angles  and  corners  were  carefully  rounded.  All 
iron  parts  which  are  to  adjoin  the  wire  of  the  "  bobbins  "  are 
covered  first  with  a  layer  of  strong  heavy  canvas  saturated 
with  shellac  varnish,  and  in  the  case  of  the  armatures  of  the 
larger  machines  there  are  additional  layers  of  tough  paper 
saturated  with  shellac  varnish.  A  sheet  of  strong  cotton 
cloth  inserted  occasionally  separates  contiguous  layers  of  wire 
from  each  other  both  in  the  armature  l)obbins  and  in  the  coils 
of  the  field-magnets*  All  the  bobbins  are  wound  by  hand,  in 
the  same  direction,  and  the  inner  ends  of  diametrically  opposite 
bobbins  are  soldered  together,  and  carefully  insulated  from  all 
other  wires  and  adjacent  metal.  The  free  outer  ends  of  each 
pair  of  bobbins  are  separately  carried  along  the  shaft, 
through  the  journal,  and  connected  to  diametrically  opposite 
segments  of  the  commutator.  In  the  "  sixteen-light "  machine 
the  ring  is  20  inches  in  diameter.  In  each  of  the  eight  coils 
there  are  about  900  feet  of  wire  of  •083  inch  gauge.  Thus 
connected,  the  machine  is  adapted  to  deliver  a  current  of 
ten  amperes.  By  connecting  the  two  bobbins  of  each  pair 
in  parallel,  instead  of  in  series  with  one  another,  the  machine 
may  be  used  to  deliver  a  20-ampere  current.  For  electro- 
plating, much  stouter  wires  are  used. 

For  each  pair  of  coils  there  is  a  separate  commutator. 
In  the  No.  7  size  of  machine,  which  is  depicted  in  Fig.  297, 
there  are  eight  coils  on  the  armature,  four  commutators 
grouped  in  two  pairs,  and  two  sets  of  brushes.  This  size  is 
commonly  known  as  a  "  sixteen-light "  machine,  though  it  will, 
as  now  improved,  supply  from  24  to  25  arc  lights. 

The  larger  Brush  dynamos  ("  sixty-light "  machines)  have 
twelve  coils  upon  the  ring,  connected  as  six  pairs.  There  are 
three  pairs  of  brushes,  and  three  pairs  of  commutators,  each 
pair  being  set  one-twelfth  of  a  rotation  (30°)  in  advance  of  the 
next  pair.  These  machines  have  the  enormous  electromotive- 
force  of  nearly  3000  volts  ;  and,  with  the  recent  improvements, 
will  supply  60  or  more  arc  lights  in  a  single  circuit  They 
formerly  supplied  40  lights  only. 
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Fig.  398. 


The  brushes  are  arranged  so  as  to  touch  at  the  same  time 
the  commutators  of  two  pairs  of  coils,  but  never  of  two  adjacent 
pairs ;  the  adjacent  commutators 
being  always  connected  to  two 
pairs  of  coils  that  lie  at  right 
angles  to  one  another  in  the  ring. 
Continuity  is  obtained  in  the  cur- 
rents by  making  the  two  parts 
of  the  commutator  of  each  pair 
of  coils  overlap  those  of  the 
commutator  belonging  to  the 
pair  of  coils  that  is  at  right  angles, 
one  pair  of  brushes  resting  on 
both  commutators.  Fig.  298  is 
a  diagram  illustrating  this  de- 
vice. Each  pair  of  segments  p^,^  ^f  Overlappino  Commi 
overlaps  the  other  to  the  extent  tators. 

Fig.  399. 


of  45°.  Each  of  the  two  pairs  of  coils  is  thus  cut  out  twice 
during  a  revolution  ;  it  is  twice  in  circuit  alone,  as  when  the 
brushes  are   at  A  A',  and  four  times  in  circuit  along  with 


•V- 


I  • 


r.     ; 


H 


458 


Dynam(hElectric  Machinery. 


the  pair  that  are  at  right  angles,  when  the  brushes    are  at 
B  B'.     Fig.  299  shows  the  way  in  which  the  commutator  is 
arranged  in  all  eight-coil  Brush  armatures — that  is,  in  machines 
for  supplying  from  one  to  twenty-five  arc  lights.     There  are 
really  four  commutators  here,  corresponding  to  the  four  pairs 
of  coils,  grouped  in  pairs  ;  one  pair  of  commutators  being  set 
one-eighth  of  a  rotation  (45°)  in  advance  of  the  other.     It  will 
be  seen  from  this  figure  that  while  the  brushes  A  A'  (shown 
in  dotted  lines)  are  receiving  current  from  one  pair  of  coils 
only,  the  brushes  B  B'  are  at  the  same  instant  receiving  the 
current  from  two  pairs  of  coils  which  are  joined  in  parallel 
with  one  another  in  consequence  of  both  of  their  commutators 
touching  the  same  pair  of  brushes.    The  arrangement  may 
be  still  further  studied  by  the  aid  of  Fig.  300,  which  also  illus- 
trates the  way  of  connecting  the  brushes  with  the  circuit     In 
this  figure  the  eight  coils  are  numbered  as  four  pairs,  and  each 
pair  has  its  own  commutator,  to  which  pass  the  outer  ends  of 
the  wire  of  each  coil,  the  inner  ends  of  the  two  coils  being 
united  across  to  each  other  (not  shown  in  the  diagram).     In 
the  actual  machine,  each  pair  of  coils,  as  it  passes  through 
the  position  of  least  action  (/.  e,  when  its  plane  is  at  right 
angles  to  the  direction  of  the  lines  of  force  in  the  field,  and 
when  the  number  of  lines  of  force  passing  through  it  is  a 
maximum^  and  the  rate  of  change  of  these  lines  of  force  a 
minimum)  is  cut  out  of  connection.    This  is  accomplished  by 
causing  the  two  halves  of  the  commutator  to  be  separated 
from  one  another  by  about  one-eighth  of  the  circumference 
at  each  side.  In  the  figure  it  will  be  seen  that  the  coils  marked 
I,  I,  are  "cut  out."     Neither  of  the  two  halves  of  the  com- 
mutator touches  the  brushes.     In  this  position,  however,  the 
coils  3,  3,  at  right  angles  to  1,1,  are  in  the  position  of  best 
action,  and  the  current  powerfully  induced  in  them  flows  out 
of  the  brush  marked  A  (which  is,  therefore,  the  negative  brush) 
into  that  marked  A'.     This  brush  is  connected  across  to  the 
brush  marked  B,  where  the  current  re-enters  the  armature. 
Now,  the  coils  2,  2  have  just  left  the  position  of  best  action, 
and  the  coils  4,  4  are  beginning  to  approach  that  position. 
Through  both  these  pairs  of  coils,  therefore,  there  will  be  a 


Arc-Lighting  Dynamos.  459 

partial  induction  going  on.  Accordingly,  it  is  arranged  that 
the  current  on  passing  into  B,  splits,  part  going  through  coils 
z,  2,  and  part  through  4,  4,  and  re-uniting  at  the  brush  B', 
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whence  the  current  flows  Iround  the  coils  of  the  field-magnets 
to  excite  them,  and  then  round  the  external  circuit,  and  back 
to  the  brush  A.  (In  some  machines  it  is  arranged  that  the 
current  shall  go  round  the  fleld-magnets,  after  leaving  brush 
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A\  and  before  entering  brush  B  ;  in  which  case  the  action  of 
the  machine  is  sometimes,  though  not  correctly,  described  as 
causing  its  coils,  as  they  rotate,  to  feed  the  field-magnets  and 
the  external  circuit  alternately.)  The  rotation  of  the  armature 
will  then  bring  coils  2, 2  into  the  position  of  least  action,  when 
they  will  be  cut  out,  and  the  same  action  is  renewed  with  only 
a  slight  change  in  the  order  of  operation.  The  following  table 
summarises  the  successive  order  of  connexions  during  a  half- 
revolution  : — 

First  position.    (Coils  i,  i  cut  out.) 

/*\ 

A  —  3  —  A' ;  B<r        yB' ;  Field  magnets  —  External  circuit  —  A. 
Second  position,    (Coils  2,  2  cut  out.) 

A\       yA';B  —  4  —  B';  Field  magnets  —  External  circuit -A. 


Third  position.    (Coils  3,  3  cut  out.) 

A  —  I  —  A' ;  B  <        /  B' ;  Field  magnets  —  External  circuit  -  A. 
Fourth  position.    (Coils  4,  4  cut  out.) 

-  A' ;  B  —  2  —  B' ;  Field  magnets  —  External  circuit  -  A. 

From  this  it  will  be  seen  that  whichever  pair  of  coils  is 
in  the  position  of  best  action,  is  delivering  its  current  direct 
into  the  circuit ;  whilst  the  two  pairs  of  coils  which  occupy 
the  secondary  positions  are  always  joined  in  parallel,  the 
same  pair  of  brushes  touching  the  respective  commutators  of 
both ;  and  the  remaining  pair  of  coils  being  cut  out. 

One  consequence  of  the  peculiar  arrangement  thus  adopted 
is,  that  measuring  the  potentials  round  one  of  the  commu- 
tators with  a  voltmeter  gives  a  wholly  different  result  from 
that  obtained  with  other  machines.  For  one-eighth  of  the 
circumference  on  either  side  of  the  positive  brush,  there  is  no 
sensible  difference  of  potential.  There  then  comes  a  region 
in  which  the  potential  appears  to  fall  off,  but  the  falling  off 
is  here  partly  due  to  the  shorter  time  during  which  the 
adjustable  brush  connected  with  the  voltmeter  and  the  fixed 
positive  brush  are  both  in  contact  with  the  same  part  of  the 
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tor.      Further  on  there  is  a  region  in  which  the  volt- 

'es  no  indications,  corresponding  to  the  cut-out  posi- 

1  again,  on  each  side  of  the  negative  brush,  there  is  a 

lere  the  polarity  is  the  same  as  that  of  the  negative 

ig.  301  is  a  diagram  of  a  six-light 

:en  at  one  commutator,  the  main  -I-  •^"'-  1°^- 

ng,  however,  allowed  to  rest  (as  in 

position)  in  contact  with  both  this 

tor  and  the  adjacent  one. 

the  foregoing  considerations,  it  will 

that  the  four  pairs  of  coils  of  the 

ichine  really  constitute  four  separate 

,  each  delivering  alternate  currents      Potentials  at 

imutator,  which  commutes  them  to     bkush  uvnauo. 

mt   unidirectional    currents   in    the 

and  that  these  independent  machines  are  in- 
■  united  in  pairs  by  the  device  of  letting  one  pair  of 
iress  against  the  commutators  of  two  pairs  of  coils. 
that  these  paired  machines  are  then  connected  in 
'  bringing  a  connexion  round    from   brush  A'  to 

core  of  the  jrush  ring,  as  formerly  made,  was  of 
:  cast  iron  channelled  at  the  sides,  so  as  in  some 
3  obviate  eddy  currents.  The  coils  are  wound  in 
ial  recesses.  The  form  of  the  ring,  with  its  coils, 
discerned  in  Fig.  297,  and  the  channelled  cast-iron 
f  is  shown  in  Fig.  302.  The  solid  masses  of  iron  in 
'  obsolete  form  of  armature  gave  rise  to  wasteful 
Tents,  the  production  of  which  heated  the  ring  and 
considerable  power.  In  the  newer  Brush  machines 
I  employed  which  is  built  up  of  a  thin  iron  ribbon 
metres  thick.  Figs.  303  to  305  show  its  construction, 
n  reality  a  larger  number  of  pieces  of  thinner  iron 
tiown  arc  used.  The  ribbon  is  wound  upon  a  circular 
>n  ring  A',  projecting  cross-pieces  of  the  same 
i  and  of  the  form  shown  in  F^.  305  (and  also 
H  in  Figs.  303  and  304)  being  inserted  at  intervals 
ate  the  convolutions,  admit  of  ventilation,  and  form 
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suitable   projections   between  which   to  wind  the 
the  larger  armatures  there  are  45  turns  of  the  rit 
Fig.  y>2. 


Coax  OF  Brush  Ring  (Old  patlera). 
Fig.  303.  F(c.  304 


Coke  of  Bkusk  Ring  (New  pattern). 

secured  by  well-insulated  radial  bolts.  The  gain 
is  great ;  and  the  old  machine,  which  formerly 
arc  lamps,  when  provided  with  the  new  ring 
65  lamps  at  the  same  speed  as  before.      The  sma 
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machine  with  an  armature  of  the  new  type  lights  25  lamps, 
showing  that  the  deleterious  reactions  have  been  fairly 
eliminated ;  and  it  may  even  be  run  at  higher  speeds  with 
perfect  safety. 

The  most  striking  way  of  realizing  the  great  improvement 
which  has  thus  been  made  is  to  compare  the  speeds  required 
to  develop  equal  electromotive-forces  in  the  two  machines. 
The  experiments  were  made  with  identical  machines.  Both 
armatures  were  of  the  same  size,  with  same  length  and 
weight  of  wire ;  and  the  field-magnets  were  identically 
excited  with  a  lo-ampere  current  The  results  are  shown 
in  the  two  curv^es  of  Fig.  306.  At  800  revolutions  the  old 
cast-iron  armature  gave  about  730  volts :  the  new  laminated 
armature  gave  over  locx)  volts.^ 


Fig.  306. 
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Curves  op  Old  and  New  Patterns  of  Brush  Machine. 

Some  large  shunt-wound  Brush  machines  have  been  re- 
cently constructed  for  electro-metallurgical   purposes.      The 

'  More  surprising  still,  the  power  absorbed  in  driving  the  old  annature  giving 
730  volts  was  17  horse-power,  whilst  that  absorbed  in  driving  the  new,  giving 
1020  volts  was  only  16  horse-power.  The  old  armature  could  not  be  run  above 
Soo  revelations  per  minute  without  dangerous  heating.  The  new  armature  may 
be  safely  ran  at  a  much  higher  speed,  without  risk  of  heating  or  other  danger. 


\ 
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largest  of  these,^  having  an  armature  42  inches  in  diameter, 
running  at  405  revolutions  per  minute,  gave  3200  amperes  at 
83  volts.  This  colossal  machine  weighs  nearly  10  tons,  the 
weight  of  copper  on  the  field-magnets  being  S424  lb.,  that  on 
the  armature  1600  lb.  This  is  at  the  rate  of  i  lb.  of  copper 
on  the  armature  for  every  160  watts  of  output ;  or  43'  watts 
for  every  i  lb.  of  copper  on  the  machine. 

Some  elaborate  tests  on  Brush  dynamos,  with  two  different 
patterns  of  armature,  were  made*  in  1889  by  Mr.  Murray  of 
Melbourne.  These  showed  commercial  efficiencies  of  about 
69*8  per  cent,  in  machines  with  core-plates  0*05  inch  thick, 
and  of  about  78  per  cent,  in  those  with  core-plates  o*022  inch 
thick.  The  values  of  B  attained  were  about  4800  in  field- 
magnet  cores  and  27,000  in  the  armature  cores.  The  fluctua- 
tions of  the  current  were  about  i  •  5  per  cent 

Some  drawings  of  a  small  model  Brush  dynamo  are  given 
in  Plate  XVI. 

The  automatic  govemor  used  for  maintaining  the  constancy  of 
the  current  is  described  in  Chapter  XXVII.  on  Regulators. 

Thomson-Houston  Dynafno, — This  machine,  which  is 
equally  remarkable,  was  designed  by  Professors  Elihu 
Thomson  of  Lynn  and  Edwin  J.  Houston  of  Philadelphia.  Its 
spherical  armature  is  unique  among  armatures ;  its  cup- 
shaped  field-magnets  are  unique  amongst  field -magnets ; 
its  three-part  commutator  is  unique  among  commutators.  A 
general  view  of  the  machine  Is  given  in  Fig.  307,  and  a 
sectional  one  in  Fig.  308.  As  will  be  seen  from  these  cuts, 
the  field-magnet  core  consists  of  two  flanged  iron  tubes  fur- 
nished at  their  inner  ends  with  hollow  cups  cast  in  one  with 
the  tubes,  and  accurately  turned  to  receive  the  armature. 
Upon  the  tubes  are  wound  the  coils  C  C,  and  afterwards  the 
two  parts  are  united  by  means  of  a  number  of  wrought-Ton 
bars  b  b,  which  constitute  the  yoke  of  the  magnet  and  at  the 
same  time  protect  the  coils.  The  magnets  are  carried  on  a 
framework,  which  also  supports  the  bearings  for  the  armature 

*  See  paper  by  Prof.  Thurston,  in  Journal  of  Franklin  Instiiute^  Sept  1886  ; 
or  see  £lee/riaan,  xvii.,  469,  18S6. 

•  Journal  Inst,  Electrical  Engineers^  XTii.  710,  Nov.  1889. 
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Fro.  307. 


Thomson -Houston  Dvnauo. 
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Thomsos-HoustoS  "Dvnamo  (part  Section). 
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shaft  X.  The  armature,  which  is  spheroidal  rs 
spherical,  is  constructed  as  follows :  Upon  the  shaft 
two  concave  iron  disks  S,  S  (Fig,  309),  the  spac 


Thomson -Houston  Armature  (Section).    ThobisoN' Houston 

them  being  bridged  by  light  ribs  of  wrought  i 
Wooden  pins  J,  J,  are  driven  at  intervals  into  a 
holes  drilled  in  the  iron  shell  to  facilitate  the  wind 
coils.  The  winding  itself  is  very  remarkable.  Thi 
three  coils.  The  inner  ends  of  these  are  united  tog( 
Fig.  307),  and  not  connected  to  any  other  conductor, 
wires  are  then  wound  over  the  shell  (which  is  co' 
varnished  paper)  in  three  sets  of  windings  making 
one  another,  and  arranged  to  be  at  equal  average 
from  the  core  by  the  following  device.  Beginn 
junction  at  A,  half  the  No.  I  coil  is  wound, 
armature  is  turned  through  120°  and  the  No.  2  coil  i: 
to  half  its  length.  Then  coil  No.  3  is  wound,  sta 
A,  and  finished  off  at  3.  Then  the  second  half  c 
completed;  lastly,  the  second  half  of  coil  No.  i.  The 
are,  therefore,  on  the  average,  equidistant  from  the 
their  overlapping  makes  the  external  form  nearly 
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They  are  held  in  place  by  the  binding  wires  g g.  Quite 
recently  a  new  armature  has  been  introduced,  also  having 
three  coils,  but  ring-wound  so  that  there  is  no  overlapping. 
Winding  and  repairing  are  thereby  much  facilitated.  The 
connexions  of  the  three  circuits  remain  as  before.  When  this 
armature  is  rotated  within  the  cavity  between  the  cup-shaped 
poles  alternate  currents  are  generated  in  each  separate  coil  in 
turn,  and  it  now  remains  to  consider  how  these  alternate 
inductions  are  rectified  and  combined  by  the  commutator. 
In  the  diagrams  which  follow,  the  rotation  is  represented  as 
teft-handed,  as  viewed  from  the  commutator-end  of  the  shaft,, 
as  it  is  in  practice.     Fig.  311  represents  the  arrangement  in 

Fig.  31 1. 


'.CoMiiUTATOR  AND  CIRCUIT  OF  Thomson-Houston  Dynamo. 

diagrani.  The  three  coils  represented  diagrammatically  by 
.  the  three  lines  ABC,  are  united  at  their  inner  extremities) 
each  outer  end  being  led  to  one  segment  of  a  three-part  com- 
mutator. There  are  two  positive  brushes  P  and  F,  and  two 
negative  brushes"  P'  and  F'.  The  current  delivered  to  P  and 
F  first  flows  round  one  of  the  field-magnets,  thence  goes  to 
the  outer  circuit  of  lamps,  returning  through  the  other  field- 
magnet  to  P'  and  F'.  The  reader  should  now  compare  this 
diagram  with  Fig.  292,  p.  45 1,  and  observe  that  in  that  figure  the 
neutral  line  «  «'  divides  the  rotation  obliquely  into  two  halves, 

2  H  2 
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the  induced  currents  flowing  outwardly  from  cent 
mutator  in  all  coils  that  are  rising  through  the 
half  of  this  obliquely  divided  circle  ;  and  inwardly 
mutator  to  centre  in  all  coils  descending  through  th< 
half  of  the  rotation.  Accordingly  in  Fig,  311  there 
outward  current  in  A  and  an  inward  one  in  C  ;  I 
the  moment  cut  out  of  circuit  as  it  passes  through  I 
position.  Continuity  is  obtained  by  the  device  me 
p.  451,  of  having  the  second  pair  of  brushes  F  K  fol 
pair  P  P'.  In  this  position  of  the  armature  A  an 
about  equal  angles  with  the  line  of  maximum  ac 
hence  the  two  electromotive-forces  in  these  coils 
moment  about  equal,  but  that  in  A  is  increasing, 
decreasing.  As  these  coils  are  now  in  series,  the: 
electromotive-forces  are  of  course  added  together, 
later  we  shall  have  arrived  at  the  state  of  things  t 
in  Fig.  312,  which  is  a  t\velfth  of  a  turn  advanced. 


Fig.  313. 


in  the  position  of  maximum  induction  ;  C  is  rapidl) 
ing  the  neutral  postion  but  is  not  yet  cut  out ;  I 
begun  to  have  electromotive-force  induced  in  it,  ai 
come  into  circuit  B  and  C  are  in  parallel  with  o 
and  in  series  with  A.  The  next  twelfth  of  a  tun 
to  the  stage  shown  in  Fig.  313,  C  is  now  at  I 
position  and  is  out  of  circuit,  A  has  passed  the  m: 
one  side  and  B  is  approaching  the  maximum  on  the 
they  are  in  series.     Another  twelfth  of  a  turn  am 
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at  Fig,  314,  A  is  fast  approaching  the  neutral  position  ;  B 
is  at  its  maximum  ;  C  has  passed  the  neutral  stage,  and  has 
just  come  into  circuit  again  by 
touching  the  positive  following 
brush.  Another  instant  and  C 
will  occupy  the  place  where  A 
was  in  Fig.  308,  a  whole  third 
of  a  revolution  having  been 
completed,  and  the  actions  re- 
commence, A  occupying  the 
place  of  B,  and  B  that  of  C. 
The  following  table  exhibits 
the  round  of  changes  during  a 
third  of  a  revolution  :: — 


From  external  circuit 


» 


}» 


}9 


»} 


»» 


» 


to  external  circuit. 


n 


i» 


i» 


»» 


>» 


f> 


99 


n 


i» 


>i 


» 


99 


and  so  forth. 

If  the  width  of  the  gaps  between  the  segments  of  the 
commutator  be  equal  to  the  width  between  the  adjacent 
brushes,  each  coil  will  be  out  of  circuit  whenever  it  is  more 
than  60*^  from  the  position  of  maximum  action,  and  the  time 
during  which  any  two  coils  are  in  parallel  will  be  practically 
nil.  But  if  the  following  brushes  F  F  are  at  a  considerable 
angle — about  60°  in  practice — behind  the  brushes  P  P',  there 
will  be  considerable  duration  of  the  stage  during  which  two 
coils  are  in  parallel. 

The  regulation  of  this  machine  to  maintain  a  constant 
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current  is  accomplished  by  an  automatic  shifting  oft] 
At  first  the  inventor  adopted  a  method  of  "  forwar 
tion,  the  brushes  being  set  at  only  35°  in  advan 
another,  and  being  both  shifted  forward  whenever  I 
exceeded  its  proper  strength.  The  effect  of  this  w 
by  considering  the  dotted  lines  pp'  and  //'  in 
Clearly,  if  /  maintained  contact  with  .B  after  it  \ 
the  neutral  line,  its  electromotive-force  would  tend  t 
that  of  A  which  is  in  contact  with/.  This  method 
in  practice  unsatisfactory,  and  has  been  abando: 
actual  method  now  used  is  termed  "  backward  " 
In  this  system  the  foil 
F.o.  315.  (jf  brushes   F  F   is   shi 

ward  to  _/"_/"'  as  shown  i 
whilst  at  the  same  time  I 
^'^  brushes  P  P'  are  shifte 
through  an  angle  one-thi 
towards  pp.  If,  as  sta 
the  brushes  arc  60°  a[ 
normal  conditions,  there 
actly  120°  on  either  sic 
the  positive  brushes  F . 
negative  brushes  P'  F ;  < 
is  the  exact  length  of  each  segment  of  the  comn 
coil  will  be  cut  out,  and  parellelism  will  subsis 
two  coils  through  angles  of  60° :  that  is  to  say, 
always  be  two  of  the  three  coils  in  parallel  with  o: 
and  in  series  with  the  third  coil.  The  six  stages 
will  be : — 


Fiom  external  c 


:> 


-<; 


w/" 
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/Y'  -  c\      yp\ 

From  external  circuit C  y  B  <         y to  external  circuit, 

\P'  -  AX       \f/ 


>»  >j  r 


Now  suppose  the  current  to  become  too  strong  owing  to 
reduction  of  number  of  lamps  in  circuit,  the  followiiig  brushes 
are  made  to  recede.  This  will  shorten  the  time  during  which 
any  single  coil  in  passing  through  the  maximum  position  is 
throwing  its  whole  electromotive-force  into  the  circuit,  and 
will  hasten  the  moment  when  it  is  put  in  parallel  with  a 
comparatively  idle  coil.  During  such  movements  of  regula- 
tion the  whole  machine  is  momentarily  short-circuited  six 
thnes  during  each  revolution  by  F  receding  so  far  towards 
F,  and  F'  receding  so  far  towards  P,  as  that  both  touch  the 
same  segment  of  the  commutator  at  one  instant.  The  action 
is  assisted  by  the  slight  advance  of  P  and  P',  but  the  main 
object  of  this  advance  is  to  lessen  the  sparking.  If  the  current 
is  too  weak,  then  the  pairs  of  brushes  must  be  made  to 
close  up,  thereby  reducing  the  time  during  which  the 
most  active  coils  are  in  parallel  with  those  that  are  less 
active. 

Regulating  Gear. — This  motion  of  advance  and  retreat  is  accomplished 
by  the  simple  mechanism  shown  in  Fig.  31^  The  brushes  are  fixed  to 
levers  Y  Y  and  Y,  Y,  united  by  a  third  lever  /.  The  automatic  movement 
is  imparted  by  the  regulating  electromagnet  R,  whose  pole  M,  of  parabo- 
loidal  form,  attracts  its  armature  N  according  to  the  current  flowing 
round  it.  A  dash-pot  J,  attached  to  the  arm  A,  prevents  too  sudden 
motions.  The  circuits  which  operate  this  mechanism  are  further  shown 
in  Fig.  314.  Normally  the  electromagnet  R  is  short-circuited  through  a 
by-pass  circuit,  and  only  acts  when  this  circuit  is  opened.  At  some  con- 
venient point  of  the  main  circuit  two  solenoids  are  introduced,  their  cores 
being  supported  by  a  spring ;  and  the  yoke  of  the  cores  operates  the 
contact  lever  S.  If  the  current  becomes  too  strong  this  contact  is  opened, 
and  the  r^ulating  magnet  R  raises  the  arm  A.  During  running  the  lever 
S  is  continually  vibrating  up  and  down,  and  so  altering  the  brushes  to  the 
requirements  of  the  circuit.  A  carbon  shunt  of  high  resistance  r  is  added 
to  minimize  the  destructive  spark  at  S. 

It  might  be  expected  that  with  only  three  parts  to  the 
commutator,  the  sparks  occurring  as  the  segments  pass  under 
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the  brashes  would  speedily  destroy  the  surfaca    This  diffi- 
culty has  been  met  by  Prof.  Thomson  in  the  boldest  manner. 


Regulating  Masnbt  and  Gear  ot  Thou  son-Houston  System. 
Fic.  317. 


Circuits  of  Thomson-Houston  Systml 


By  means  of  a  small  mechanical  blower,  fixed  upon  the  shaft 
behind -the  commutator,  intermittent  blasts  of  air  are  blown 
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exactly  at  the  right  moment  so  as  virtually  to  blow  out  the 
spark.  The  three  segments  of  the  commutator  are  separated 
by  gaps ;  and  in  front  of  each  of  the  leading  brushes  (as 
shown  in  Fig.  307)  there  projects  a  nozzle  which  discharges  a 
blast,  alternately,  three  times  in  each  revolution. 

The  normal  current  for  this  dynamo  is  9*6  amperes,  or  6*8 
amperes,  though  they  are  also  wound  for  stronger  currents. 
One  of  the  larger  machines  will  maintain  63  arc  lights  in  a 
single  circuit,  with  an  electromotive-force  of  3000  volts.  The 
ordinary  machine  supplying  34  arc  lamps  at  45  to  46  volts 
each  with  a  current  of  9*6  amperes,  has  an  internal  resistance 
of  lO'S  ohms  in  the  armature  and  lO'S  ohms  in  the  field- 
magnets.  The  armature  is  23 J  inches  in  external  diameter ; 
its  wire  being  of  0* 081  inch  gauge.  That  of  the  field-magnets 
is  o*  128  inch  gauge.  The  usual  speed  is  850  revolutions  per 
minute ;  but  the  peculiar  arrangements  for  automatic  regula- 
tion render  the  machine  nearly  independent  of  irregularities 
in  the  speed.  There  is  in  the  armature  about  i  yard  of  wire 
for  every  0*53  volt  of  the  induced  electromotive-force.  The 
ratio  of  weight  of  copper  to  iron  in  these  dynamos  is  very 
high  compared  with  that  of  many  machines,  being  i  of  copper 
to  2*25  of  iron. 

Professor  E.  Thomson  has  also  designed,  for  supplying 
large  currents  at  low  potential,  a  form  of  dynamo  which  is 
outwardly  of  similar  structure  to  the  machine  described 
above.  But  in  this  new  machine,  which  is  intended  for  in- 
candescent lamps  in  parallel,  the  spherical  armature  is  wound 
as  a  closed-coil  in  sixteen  sections.  The  field-magnets  are 
much  more  massive,  and  the  output  of  the  machine  more 
than  five  times  as  great  in  proportion  to  its  size.  It  is  com- 
pound-wound ;  the  series  coils  being  wound  on  a  separate 
frame  over  the  armature. 

Advantages  of  Opeft-coil  Dynamos. — The  two  great  typical 
open-coil  dynamos — ^those  of  Brush  and  of  Thomson-Houston 
— appear  to  have  certain  qualities  which  render  them  specially 
applicable  as  constant-current  dynamos  for  arc-lighting. 
Three-quarters  of  all  the  arc-lights  in  the  world  are  run  by 
one   or  other  of  these   machines.     It  would  seem  that  the 
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Other  Arc-Light  Machines. 
Sperr^s  Dynamo. — An  arc-light  dynamo  with  a  Gramme 
armature  is  that  of  Sperry,  Figs.  318,  319,  the  distinguish- 


FIG.  319. 


Spebry's  Arc-Light  Dynamo, 
ing  feature  of   which   is   the  use  of 
internal   as    well    as    external   pole- 
pieces.       One     of    these    machines, 
shown,  in    1889,  at  Paris,  gave  ten 
amperes  at  620  volts,  when  running  at  ( 
1000  revolutions  per   minute.      The  1 
ring-core  was  of  lO^  inches  internal  ' 
and  13^  inches  external  diameter,  and 
6}  inches  long.    The  commutator  had 
72  bars ;  and  the  winding  consisted 
of  72  sections  of  40  turns  each  in  four 
layers.     The  clearance  space  outside 
the  bindii^  wires  was  about  ^^  >nc!i-    The  inventor  claims' 

'  See  appendix  to  paper  by  Eison,  in  Jevriial  Itiit.  EUclrical  Engintert,  xix. 
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armatures  side  by  side  on  one  shaft,  with  a  magnetic  circuit  of 
very  singular  design.  To  each  armature  there  is  only  one 
pole-piece,  so  that  the  magnetic  lines  which  enter  the  ring  on 
one  side  have  to  find  their  way  out  across  a  wide  irregular 
gap,  with  the  consequence  that  there  is  great  magnetic 
leakage  and  waste  of  magnetizing  power.  The  disadvantage 
of  this  method  of  using  a  bad  magnetic  circuit  was  pointed 
out  in  the  earlier  editions  of  this  work  ;  and  experiments  were 
cited  showing  how,  with  a  rational  arrangement  to  mag- 
netize one  armature  between  two  pole-pieces  instead  of  half 
magnetizing  two  armatures  with  one  pole-piece  each,  a  single 
armature  might  yield  as  high  an  electromotive-force  as  do 
the  two.  It  remains,  however,  to  be  stated  that  in  spite  of 
these  imperfections  of  design,  the  Ball  machine  has  given 
great  satisfaction,  its  construction  having  been  .evidently 
carried  out  with  good  engineering  skill. 

Edisofis  Municipal  Dynamo, — ^A  special  machine  for  series 
lighting,  by  means  of  incandescent  lamps,  is  used  by  the 
Edison  Company  under  this  name.^  There  are  several  sizes 
of  machine  for  currents  of  9,  16,  32,  and  48  amperes  respec- 
tively. The  smallest  of  these  has  three  circuits,  each  to  supply 
a  three-ampere  current  to  a  separate  row  of  lamps,  the  volts 
being  1200  at  1600  revolutions  per  minute. 

Phomix  Arc  Dynamo. — Mr.  W.  B.  Esson  has  designed 
arc-light  dynamos  ^  for  Messrs.  Paterson  and  Cooper,  using 
Gramme  ring  armatures  ;  and  finds  no  difficulty  in  constructing 
them  from  800  up  to  1 500  volts.  Some  are  of  the  form  shown 
in  Plate  V.,  but  are  wound  somewhat  differently  for  constant- 
current  work  ;  others  have  a  double  magnetic  circuit  As  the 
armature  is  wound  with  many  turns  of  fine  wire,  there  are 
many  turns  to  each  section,  which  therefore  possesses  con- 
siderable self-induction,  and  requires  a  large  electromotive- 
force  to  reverse  the  current  in  it  in  the  act  of  commutation. 
If,  therefore,  the  regulation  is  to  be  effected  by  shifting  forward 
the  brushes,  it  is  clear  that  in  every  position,  from  minimum 
to  maximum  of  the  range,  the  magnetic  field  in  the  gap  must 

'  EUetrical  Review^  xxv.  209,  1889. 

'  Journal  InsU  Electrical  Engineers ^  xix.  161,  1890. 
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be  adequate  ;  and  as  the  coefficient  of  self-induction  is  nearly 
constant,  the  field  in  the  gap-space  must  also  be  nearly 
constant.  In  other  words,  the  iron  of  the  field-magnet  may 
be  reduced  in  quantity,  but  excited  to  a  high  degree,  so  as  to 
be  more  constant  in  its  magnetization. 

Staiter's  Dynamo. — Another  example  of  a  constant-current 
dynamo,  with  an  automatic  regulator  to  shift  the  brushes,  is 
afforded  by  Statter's  machine,  in  which,  by  a  careful  shaping 

F[G.  321. 


Statter's  Co.nsvanv  Current  Dvsamo. 

of  the  pole-faces,  a  disposition  of  the  magnetic  field  is  obtained 
which  permits  the  machine  to  run  sparklessly.  The  mechanism 
which  moves  the  brushes  consists'  of  a  toothed  wheel,  actuated 
by  one  or  other  of  two  pawls  driven  from  the  shaft  by  an 
eccentric.  A  solenoid  in  the  main  circuit  controls  the  action 
of  the  pawls,  and  so  shifts  the  brushes  forward  or  back  as 
may  be  needed  to  keep  the  current  constant. 

Schuyler's  Dynattio.— This  machine  has  a  drum  armature 

'  La  Lumiirf  EUctrique,  xxx.  3:11,  1889;  and  Specification  of  Patent,  aSij 
of  1887. 
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wound  in  eight  parts,  and  coupled  up  so  that  the  coils  are 
successively  cut  out  at  the  neutral  points. 

Other  Open^oil  Dynatnos.  —  Other  forms  of  open-coil 
dynamos  have  been  proposed  by  Bain,  by  Newton,  and  by 
Dr.  HammerL  The  armature  of  the  latter  consists  of  a 
Gramme  ring  wound  in  sections,  but  having  the  inner  ends 
of  all  the  sections  united  together  at  a  common  junction,  and 
their  outer  ends  brought  each  to  a  separate  bar  of  a  collector. 
Sir  Wm.  Thomson  ha3  also  suggested  other  forms  in  one  of 
which  the  armature  resembles  a  bicycle  wheel.  A  disk 
dynamo  of  kindred  design  has  lately  been  constructed  by 
Poleschko,  and  is  described  in  Chapter  XIX. 

Drooping  Charact^istics, — ^A  method  which,  though  not 
in  itself  securing  constancy  of  current,  is  much  followed  in  the 
construction  of  arc-lighting  dynamos,  should  here  be  ex- 
plained. '  Attention  was  drawn  on  p.  256  to  the  drooping 
form  of  the  characteristics  of  certain  series-wound  machines. 
It  is  obvious  that  if  this  effect  is  sufficiently  exaggerated,  the 
drooping  portion  of  the  characteristic  will  correspond  to  the 
case  of  an  approximately  constant  current.  The  drooping 
characteristic  is  important  in  promoting  the  steady  working  of 
arc  lamps  in  the  circuit  Suppose  an  arc  lamp  to  be  running 
on  a  series-wound  dynamo  under  such  conditions  of  working 
that  the  chamcteristic  is  ascending,  any  shortening  of  the 
arc  will  be  followed  by  a  reduction  of  resistance  and  a  large 
increase  of  current.  Whereas  if  the  conditions  of  working 
are  such  as  to  fit  to  a  point  on  the  drooping  part  of  the 
characteristic,  any  decrease  in  resistance  in  the  circuit  will 
result  in  a  comparatively  small  increase  of  current. 

The  causes  that  tend  to  cause  the  characteristic  of  the 
series  dynamo  to  turn  down  after  reaching  a  maximum 
height  are:  (i)  the  demagnetizing  effect  of  the  armature 
current  when  there  is  a  positive  lead  at  the  brushes  ;  (2)  the 
saturating  of  the  iron  of  the  armature  core  before  that  of 
the  field-magnets  ;  (3)  the  leakage  of  magnetic  lines  from  the 
field-magnet;  (4)  the  peculiar  commuting  arrangements  in 
certain  machines — for  example,  the  open-coil  dynamos  men- 
tioned previously — ^which  make  their  effective  electromotive- 
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Fig.  322. 


force  vary  greatly  with  the  position  given  to  the  brushes; 
(5)  high  internal  resistance,  and  self-induction.  As  the 
demagnetizing  effect  of  the  armature  current  is  nearly  pro- 
portional to  the  strength  of  the  current  and  to  the  sine  of 
the  angle  of  lead,  and  as  the  sine  of  the  angle  of  lead  is  itself 
nearly  proportional  to  the  armature  current,  it  follows  that 
the  whole  demagnetizing  effect  is  nearly  proportional  to  the 

square  of  the  armature  current 
In  Fig.  322  let  the  curve  E^  re- 
present the  electromotive-force 
(at  a  given  speed)  when  the 
field-magnets  are  separately  ex- 
cited, the  armature  circuit  being 
left  open  ;  ^  this  includes  the 
effect  of  (2)  and  partially  (3) 
above.  On  the  same  diagram 
a  curve  having  ordinates  pro- 
portional to  2a>  2tnd  of  such  a 
magnitude  as  to  represent  the 
demagnetizing  action  of  the  ar- 
mature current,  may  be  plotted 
Deducting  the  ordinates  of  this  curve  from  those  of  curve  E 
we  get  curve  Ea,  the  drooping  characteristic.  The  trouble 
with  all  machines  of  this  class  is  the  sparking  at  the  brushes 
consequent  on  the  variability  of  the  angle  of  lead 

The  effect  of  a  drooping  characteristic  can  to  some  extent 
be  obtained  by  inserting  in  the  external  circuit  a  resistance 
of  from  I  to  2  ohms.  And  this  is  preferable  to  having  an 
internal  resistance  that  would  add  to  the  heating  of  the 
armature.  But  such  auxiliary  resistance  should  be  coiled  on 
an  iron  core,  since  self-induction  here  is  of  value  in  steadying 
the  current. 

Constant  Current  Regulators. — A  number  of  devices 
applicable  to  arc-light  dynamos  are  described  in  Chapter 
XXVII. ;  amongst  them  being  the  "third-brush"  regulator 
of  Waterhouse  for  use  in  arc  lighting. 
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CHAPTER  XVIir. 

EXAMPLES  OF  MODERN  DYNAMOS.— (Direct  Current) 

Gramme  Dynamos. 
Innumerable  forms  have  been  given  to  the  Gramme 
machine  at  different  dates  since  its  appearance  in  1871,  vary- 
ing from  small  laboratory  machines  with  permanent  steel 
magnets,  such  as  are  shown  tn  Fig.  323,  to  large  machines 
absorbing  30  or  40  horse-power.     Those   who  desire  more 

Fio.  313. 


Grammi  Dvnauo,  ' 


detailed    information   concerning    the    various    patterns    of 
Gramme  dynamo  should  consult  the  earlier  editions  of  this 
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Fig.  314. 


FOUR-POLB  GKAUUE   DyHAMO  (IS85). 

Fig.  3as. 
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machine,  sketches  of  which  are  given  in  Figs.  325-8,  the  bed- 
plate, the  magnet-cores,  the  pole-pieces,  and  the  supports  of 
the  bearings  are  of  cast  iron,  all  in  one  piece. 

The  fidd-magnet  coils  are  wound  on  separate  mandrils  and  then 
slipped  over  the  cores  between  cheeks  of  insulating  substance.  The 
ring-armature  is  driven  upon  a  spider  of  bronze,  keyed  to  the  shaft, 
its  outer  edges  passing  between  the  insulated  copper  coils  and  sup- 
porting the  core,  which  is  of  laminated  iron.  The  collector  bars  are 
held  together  by  an  external  ring  of  bronze,  well  insulated  from  them. 
The  details  are  shown  in  the  figures,  and  it  will  be  noted  that  the 
field-magnet  cores  are  for  some  reason  cast  hollow.  Fig.  328  shows 
the  arrangements  of  the  brush-holders.  One  of  these  machines, 
intended  for  an  output  of  40  amperes  with  a  pressure  of  no  volts,  at 
a  speed  of  1400  revolutions  per  minute,  had  the  following  dimen- 
sions : — 

Internal  radius  of  armature  core,  6*5  cm. ;  external  radius,  9*15 
cm. ;  axial  length  of  core,  16  cm. ;  total  sectional  area  of  armature 
core,  80  sq.  cm. ;  distance  from  armature  core  to  pole-piece,  o  *  85 
cm. ;  estimated  area  of  each  .polar  surface,  366  sq.  cm. ;  sectional 
area  of  each  iron  magnet  core,  174  sq.  cm. ;  estimated  length  of 
magnetic  circuit  within  field-magnet,  81  cm. ;  commutator-bars,  60  ; 
total  number  of  windings  on  the  ring,  300;  armature  resistance, 
0*174  ohm;  shunt  resistance,  46  ohms. 


Crompton's  Dynamos. 

Mr.  R.  E.  Crompton,  who  pioneered  many  of  the  improve- 
ments in  recent  years,  began  with  the  now  obsolete  Burgin 
form  of  ring-armature,  for  which,  with  the  collaboration  of 
Mr.  Kapp,  he  subsequently  adopted  the  cylindrical  rings 
described  on  p.  349. 

A  general  view  of  the  Crompton  dynamo  is  given  in 
Fig.  329,  which  shows  vertical  field-magnets  with  a  double 
magnetic  circuit 

The  armature  windings,  in  the  1887  type,  are  formed  of 
specially  drawn  copper  wire  of  nearly  rectangular  section, 
cotton-covered,  there  being  one  turn  of  such  wire  to  each 
segment  of  the  commutator.  The  separate  turns  are  bent  to 
shape  on  proper  formers  before  being  placed  on  the  ring,  and 
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bars  of  compressed  stranded  wires  are  now  used  in  all  large 
output  machines.  This  construction  greatly  diminishes  the 
eddy-currents  which  are  set  up  in  the  conductors  if  they  con- 
sist of  single  rods  or  bars. 

A  complete  account  of  Mr.  Crompton*s  successive  stages 
of  improvements  ^  would  occupy  a  volume  in  itself.  Besides 
the  improvements  made  in  conjunction  with  Mr.  Kapp  on 
general  design,  p.  349,  and  more  favourable  use  of  iron  in  the 
armature,  a  number  were  made  in  conjunction  with  Mr.  Swin- 
burne on  various  modes  of  winding,  p(^367,  and  on  machines 
with  conductors  embedded  in  the  core-disks.  Then  Mr. 
Crompton  found  that  it  was  needless  to  insulate  core-disks 
from  spindle  if  they  were  separated  from  one  another 
throughout  their  surfaces  up  to  the  periphery.  Next  came 
the  question  of  driving-teeth,  and  the  thick  driving-disks 
mentioned  on  p.  349  were  abandoned  in  favour  of  teeth  of 
delta-metal  or  aluminium  bronze,  fitted  into  the  substance  of 
the  compressed  core.  Then  came  the  production  of  imbri- 
cated and  compressed  stranded  conductors  to  obviate  eddy- 
currents.  Lastly,  the  adoption  of  multipolar  series  windings 
for  drum  armatures.  With  large  four-pole  machines  for 
central-station  lighting  Messrs.  R.  E.  Crompton  and  Co.  have 
had  great  success.  The  construction  of  some  of  their  large- 
output  armatures  is  indicated  in  Figs.  265  and  266,  on  p.  370. 


Kapp's  Dynamos. 

Mr.  Gisbert  Kapp  has  designed  various  forms  of  direct- 
current  dynamos,  some  having  cylindrical  ring-armatures,  the 
more  recent  ones  drum-wound  armatures.  The  latest  and 
best  construction  of  2-pole  machine  is  that  depicted  in 
Fig.  330,  being  of  the  "  over "  type  with  the  armature  and 
shaft  at  the  summit  of  the  field-magnet.  These  machines  are 
constructed  by  Messrs.  W.  H.  Allen  and  Co.,  and  by  Messrs. 

'  See  remarks  by  Mr.  Crompton  in  Proc,  Inst,  Civil  Engineers,  Ixxxiii.  125, 
1885 1  Jtmrnal  Soc.  Teleg.  Engineers^  xv.  546,  1 886 ;  and  Journal  Inst,  Elec, 
Engifuers^  xix.  239,  1890,  and  xx.  308,  1 89 1. 
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a  diameter  of  0*080",  on  each  limb,  and  the  two  limbs  connected  in 
series.  Total  shunt. turns  3058.  Series  winding  23  turns  on  each 
limb,  of  copper  tape,  o'48o"  wide  by  o*  130"  thick,  and  the  two  limbs 
joined  in  parallel  Resistance  of  shunt  coils  (warm)  30*8  ohms ;  of 
series  winding  0*0079  ohm. 

One  peculiarity  in  this  dynamo  is  the  mode  of  driving  the 
conductors  of  the  armature.  As  shown  in  the  section  in 
Plate  II.,  there  are  introduced  at  intervals  between  the  core- 
disks,  some  thicker  disks  having  ventilating  apertures  and 
projecting  horns  of  steel.  Around  these  steel  horns  are 
placed  pieces  of  hard  white  fibre,  as  driving-horns ;  and  as 
these  project  in  alternate  positions,  the  copper  conductors 
cannot  be  laid  straight,  but  are  given  a  sinuous  form.  Plate 
II.  also  shows  how  the  core-disks  are  clamped  together  by 
face-plates  having  ventilating  perforations  through  them,  the 
whole  core  being  held  up  against  a  collar  on  the  shaft  by  a 
screw-nut.  The  figures  in  Plates  I.,  II.,  and  III.  also  show 
the  details  of  the  brush-holder  and  rocker,  the  construction  of 
the  field-magnet,  the  arrangements  of  the  bearings,  and  the 
pattern  of  lubricator  employed. 

Kapfs  Multipolar  Drum  Dynamo  for  central-station  light- 
ing is  shown  on  Plate  IX.,  Fig.  2.  This  is  a  6-pole  machine 
with  the  armature  windings  grouped  in  parallel,  or,  if  desired, 
in  series,  so  as  to  need  but  two  sets  of  brushes.  The  windings 
are  of  a  cable  of  stranded  insulated  wire.  The  following  are 
the  data  of  the  machine  depicted  : — 

Ouput  1 1 00  amperes  at  50  to  55  volts,  at  460  revolutions  per 
minute. 

Armature,  Length  12  inches;  diameter  24  inches;  number  ot 
conductors  224,  connected  in  parallel  grouping  for  six  poles;  nett 
armature  resistance  from  brush  to  brush  0*00166  ohm  (warm); 
commutator  112  segments ;  six  sets  of  brushes  at  60°  apart 

Fidd-magnets,  Cores,  circular,  9  inches  in  diameter ;  pole-pieces 
iij  by  10  inches;  exciting  ampere- turns  8000  per  magnet  core. 

A  still  larger  8-pole  dynamo,  having  output  of  134  kilo- 
watts, is  to  be  shown  at  the  Crystal  Palace.  In  this  dynamo 
the  pole-pieces  are  bevelled  off  only  at  the  edge  of  pole- 
surface  where  the  conductors  approach  the  pole. 
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insulated  with  paper ;  net  sectional  area  of  iron  in  ring  660 
sq.  cm. ;  gap-space,  iron  to  iron,  16  mm. ;  winding  (genera- 
tor) 400.turnsof  cable  containing  19  strands  of  i  "3  mm.  wire, 
wound  in  one  layer  externally  and  two  layers  internally  ; 
resistance,  brush  to  brush,  0*025  ^^^  \  cross-connexions, 
none ;  commutator  200  parts.  Field-magnet  coils  in  series 
with  armature,  and  are  each  wound  with  60  turns  of  i  mm. 
copper  sheet  30  cm.  in  width.  Weights  are  as  follows : — Frame 
and  magnet  cores  11,600  kilos.,  armature  iron  1430,  armature 
copper  132,  armature  complete  2420,  magnet  copper  1370. 
Total  weight  of  complete  machine,  15,700  kilos,  or  nearly  16 
tons.  At  500  revolutions  per  minute,  it  can  be  run  at  250 
HP.  continuously  night  and  day.  If  run  in  day  only  the 
current  may  be  increased  so  as  to  work  at  300  HP.  Com- 
mercial efficiency  at  full  load  93 — 94  per  cent. 

The  machine  used  as  motor,  with  the  above  generator,  is 
nearly  identical,  the  only  differences  being  that  there  is  slightly 
less  iron  in  the  armature,  and  there  are  only  364  windings 
with  a  184-part  commutator.  Modified  in  this  way  the  speed 
is  constant,  though  the  loss  in  the  line  varies  with  the  load. 
Experience,  which  has  dictated  this  proportion,  leads,  in  this 
case,  to  the  rule  that  for  the  motor  the  armature  should  be 
relatively  less  powerful,  and  the  field-magnet  relatively  more 
powerful  than  in  a  generator. 

A  general  view  of  this  same  machine  is  given  in  Plate  IX., 

Fig.  I. 

Plate  X.     Eight-pole  Ring  Dynamo  for  Electro-metallur- 

gical  Purposes, — For   the    use   of   the    aluminium    industry 

Mr.  Brown  has  produced  6-pole  and  8-pole  dynamos.    That 

depicted    in    Plate    X    is   a  300  HP.  machine,  working  in 

the  aluminium  establishment  at  Neuhausen.       It   is   fixed 

with  its  shaft  vertical   in  continuation  with  the  shaft  of  a 

vertical  turbine.      After  working  continuously  day  and  night, 

with  an  average   output  of  3000  amperes,  the  commutator 

remains  polished,  for  the  machine   runs  sparklessly.      The 

mode  of  cross-connecting  each  part  of  the  ring  winding  to  the 

two  points  of  the  commutator  45°  distant  is  accomplished  by 

bent  two-legged  strips  of  copper,  as  shown. 
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372  watts  per  pound  of  copper,  and  i'3i  volts  per  yard  of 
coil. 

The  latter  machines  have  upright  single  horse-shoe  mag- 
nets, in  some  instances  made  of  a  single  wrought-iron  forging 
slotted  out  to  form  the  two  limbs,  and  bored,  as  shown  in 
Fig-  33 1*  The  shaft  is  supported  from  two  gun-metal  bridge- 
pieces.  There  are  generally  no  teeth  on  the  armature-cores, 
which  are  made  of  plain  washers  to  avoid  cost  of  milling  out 
the  teeth. 

The  following  particulars  of  this  machine  have  been  fur- 
nished by  the  makers : — 

The  35  kilowatt  machine  is  designed  for  an  output  of  100  amperes 
at  250  volts  pressure,  when  driven  at  700  revolutions  per  minute. 
The  total  weight  is  3136  lbs. ;  the  useful  output  being  8  watts  per 
pound  of  material  The  external  diameter  of  the  armature  core  is 
34*6  cm. ;  internal  diameter  of  armature  core,  20  cm. ;  length  of 
armature  core,  30  cm. ;  cross-section  of  magnets,  30  cm.  by  20  cm. ; 
nett  sectional  area  of  iron  in  armature,  allowing  for  insulation,  193 
sq.  cm. ;  sectional  area  of  iron  in  field,  allowing  for  rounded  comers, 
6i2'7  sq.  cm. ;  diameter  of  polar  cavity,  37  "5  cm.  The  armature  is 
wound  with  360  turns  of  3 '75  mm.  square  wire  in  two  layers.  The 
field  is  shunt  wound,  each  limb  containing  3540  turns  of  i  *  5  5  mm.  wire, 
and  the  total  resistance  is  83  ohms.  The  radiating  surface  of  both 
magnet  limbs  is  7740  sq.  cm.,  and  the  energy  used  in  exciting  is  750 
watts;  the  ratio  of  the  cooling  surface  being  therefore  10*3  sq.  cm. 
per  watt. 

From  the  above  data  we  find  that  the  total  number  of  magnetic 
lines  that  cross  the  armature  is  about  6,200,000,  and  that  the  useful 
induction  through  the  armature  is  16,000,  and  the  induction  through 
the  field  10, 100  lines  per  sq.  cm.  The  peripheral  speed  of  the  armature 
core  is  2530  feet  per  minute,  and  the  total  length  of  conductor  wound 
on  the  armature  is  11,200  inches,  bemg  at  the  rate  of  45  inches  per 
volt  in  the  external  circuit  At  a  peripheral  speed  of  3000  feet 
(which  is  a  fair  average  in  modem  belt-driven  dynamos),  38  inches  of 
armature  conductor  would  produce  i  volt  In  larger  machines  for 
heavy  output  of  current,  the  makers  have  for  six  or  seven  years  past 
used  a  stranded  cable  as  conductor  for  the  armature.  This  construc- 
tion, which  nearly  all  makers  now  follow,  obviates  eddy-currents 
which  would  arise  in  solid  bars. 


Examples  of  Modem  Dynamos.  497 


"Victoria"  (Brush  Co.'s)  Dynamos. 

The   Brush  Electrical  Engineering  Co.   has   produced   a 
dynamo  of  the  flat-ring  type,  under  the  patents  of  Schuckert, 
Mordey,  Wynne,  and  Sellon,  to  which  the  not  very  apt  name  of 
the  "  Victoria  "  dynamo  has  been  given.    There  are  two  types 
of  this  dynamo,  one  having  four,  the  other  six  poles  arranged 
round  the  ring.      The  development  of  the  Victoria  machine 
from  the  original  Schuckert  machine  commenced,  under  the 
auspices  of  the  electricians  of  the  Brush  Company,  with  the 
discovery  by  Mr.  Mordey,  by  the  aid  of  his  method  of  examin- 
ing the  distribution  of  potentials  round  collectors,  that  there 
was  in  the  machine  a  point  at  a  considerable  distance  in  front 
of  each  brush,  having  the  same  potential  as  the  brush,  and  that 
the  whole  of  the  portions  of  the  armature  between  these  equi- 
potential  points  were  useless,  or  worse  than  useless,  as  they 
were  occupied  only  in  producing  an  opposing  electromotive- 
force.     In  some  of  the  early  Schuckert  dynamos  these  useless 
portions    occupied   more   than   half  of  the   armature.      By 
reducing  the  size  of  the  pole-pieces,  space  was  found  for  a 
4-pole  field,  the  effect  of  the  change   being  that,  from  the 
same  ring  as   employed   by  Schuckert   with  a  2-poIe  field, 
the  electrical  output  was  doubled,  without  increase  of  speed. 
Great  attention  has  been  given  to  the  form  of  the  pole-pieces. 
These  pole-pieces  in  the  earlier  Schuckert   machines,  con- 
sisted, as  mentioned  above,  of  hollow  iron  shoes  or  cases  which 
occupied   a  large  angular  breadth  along  the  circumference 
of  the  ring.     Similar  hollow  polar  extensions  were  long  used 
in  the  Giilcher  machines.       By  long  extended   experiments 
Mr.  Mordey  arrived  at  a  narrower  form  of  pole-piece,  not 
covering  more  than  30*^  of  angular  breadth  of  the  circum- 
ference of  the   armature,  which   completely  obviated   these 
effects.      As  will  be  seen  from  Fig.  335,  which  represents  the 
4-pole  Victoria  dynamo  as  now  constructed,  the  pole-pieces, 
though  they  embrace  the  ring  through  its  whole  depth,  from 
external  to  internal  periphery,  are  not  quite  so  narrow.     This 
has  been  rendered  possible  by  changes  in  the  proportions  of 
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amperes,  59-9  volts  ;  120  amperes,  60  volts.  It  will  be  seen 
that  for  small  loads  the  potential  drops  a  little ;  but  it  is 
under  these  circumstances  that  the  engine  speed  usually 
rises  slightly  in  practice,  so  that  the  constancy  of  the 
potential  between  the  mains  is  somewhat  better  than  the 
figures  would  show.  In  actual  practice  the  regulation  is 
perfect,  because  the  over-compounding  serves  to  compen- 
sate for  the  drop  of  volts  in  the  mains.  The  author  has 
opened  the  circuit  of  a  Victoria  dynamo  which  at  the  time 
was  feeding  loi  lamps,  100  being  at  a  distance,  one  lamp 
attached  to  the  terminals  of  the  machine.  On  detaching  the 
main  wire  from  the  terminal,  the  100  lamps  were  suddenly 
extinguished.  The  solitary  lamp  on  the  machine  did  not 
even  wink,  and  there  was  no  flash  at  the  brushes.  The 
sparking  was  so  slight  it  was  impossible  to  tell  whether  the 
machine  was  an  open  circuit  or  whether  it  was  doing  full 
work.  The  lead  was  the  same  under  all  loads.  The  machine 
depicted  in  Fig.  335  weighs  1904  lbs.,  and  has  an  output 
of  18,000  watts  at  1000  revolutions  per  minute.  Such 
machines  are  now  guaranteed  under  tender  to  run  at  a  com- 
mercial efficiency  of  92  per  cent. 

A  larger  type  of  Victoria  machine,  having  six  poles 
alternately  N.  and  S.  set  round  the  ring,  has  also  been  con- 
structed by  the  Brush  Company.  As  each  segment  of  the 
collector  is  connected  with  those  situated  at  120°  and  240** 
distance  round  the  set,  only  two  brushes  are  required.  A 
figure  of  this  machine  was  given  in  the  previous  edition  of 
this  work. 

The  advantage  originally  claimed  for  the  flat-ring  construction, 
that  it  allows  less  of  the  total  length  of  wire  to  remain  "idle  "  on  the 
inner  side  of  the  ring,  is  rather  imaginary  than  real,  for  the  total 
resistance  of  the  armature  is  but  a  small  fraction  of  the  whole  resist- 
ance of  the  circuit  j  and  it  is  possible  to  spread  the  field  so  as  to 
make  all  parts  of  the  wire  active  without  any  gain  whatever,  if  by 
this  spreading  there  is  no  increase  on  the  whole  in  the  total  number 
of  lines  of  force  in  the  field.  The  real  reasons  in  favour  of  multipolar 
flat-ring  armatures  appear  to  be  the  following : — First,  their  excellent 
ventilation  ;  second,  their  freedom  from  liability  to  be  injured  by  the 
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flying  out  of  the  coils  at  high  speeds ;  third,  their  low  resistance,  due 
to  the  fact  that  the  separate  sections  are  cross-connected,  either  at 
the  brushes,  or  in  the  ring  itself,  in  parallel  To  these  points  may  be 
added  that,  with  an  equal  peripheral  speed,  the  armature  rotating 
between  four  poles  undergoes  twice  as  much  induction  as  when 
rotating  between  two  poles,  since  it  cuts  the  lines  of  force  twice  as 
many  times  in  the  former  case  as  in  the  latter. 


GuLCHER  Co.'s  Dynamo. 

In  this  machine  as  originally  brought  out,  the  ring  core 
consisted  of  a  number  of  flat  washers  of  sheet-iron  clamped 
together,  rotating  in  a  4-pole  field,  and  furnished  with  four 
collecting  brushes  at  the  commutator.  There  were  four 
hollow,  box-like  pole-pieces  of  iron,  cast  upon  wrought-iron 
cores,  embracing  a  considerable  angular  breadth.  In  recent 
years  this  machine  has  been  greatly  improved  by  the 
engineers  of  the  Giilcher  Electric  Lighting  Company.  They 
have  followed  the  same  line  of  progress  as  that  pursued  in  the 
design  of  the  Victoria  dynamo.  The  lamination  of  the  cores 
has  been  tangential  instead  of  radial ;  the  field-magnets  have 
been  made  more  powerful ;  the  pole-pieces  have  been  reduced 
in  breadth ;  and  the  number  of  the  brushes  has  been  reduced 
by  cross-connexions  in  the  armature  to  two.  Fig.  338  shows 
an  8-pole  type  of  machine,  which  has  been  largely  used  by 
this  company  both  for  lighting  and  for  electro-deposition. 
In  this  cut  the  armature  is  covered  from  sight  by  guards  of 
perforated  metal.  These  machines  have  been  made  in  all 
sizes  up  to  32  units. 

The  latest  tj'pe  of  Giilcher  dynamo  is  depicted  in  Figs.  339 
and  340.  In  Fig.  339  the  lower  half  shows  a  section  in  the 
vertical  plane  along  the  line  A  B,  whilst  the  upper  half  repre- 
sents a  section  in  the  oblique  plane  of  the  line  A  C,  so  as  to 
show  the  true  section  of  the  polar  portions.  The  drawings 
relate  to  a  4-pole  lo-unit  machine,  designed  to  give  185 
amperes,  at  65  volts,  at  a  speed  of  900  revolutions  per 
minute.  The  dimensions  and  details  of  construction  are  as 
follows  :  The  end-yoke  frames  and  the  pole-shoes  are  of  cast 


Examples  of  Modem  Dynamos.  503 

iron.  The  magnet-cores,  4  inches  in  diameter  and  5  inches 
long,  are  screwed  into  the  pole-shoes,  and  their  other  ends  are 
turned  down  and  fitted  with  circular  nuts  so  as  to  secure  a 
large  contact- surface  with  the  yokes.     The  armature  is  built 


up  of  rectangular  charcoal  iron  wire  wound  upon  a  gun-metal 
pulley,  forming  a  core  of  nearly  square  section.  This  is  over- 
wound with  insulated  copper  wire  in  80  sections  of  four  turns 
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copper  is  iSJ  lbs.  The  commutator  has  80  segments  of  hard- 
drawn  copper  insulated  with  mica  '75  nim.  thick,  clamped 
together,  with  proper  insulation,  over  a  gun-metal  sleeve. 
The  requisite  cross-connexions  between  the  opposite  bars  of 

Fig.  340. 


GuLCHBR  Co.'s  Dynamo  (End  View). 

the  commutator  are  effected  by  a  series  of  insulated  copper 
rings,  supported  on  a  wooden  sleeve  placed  between  the  arma- 
ture and  the  commutator.  Each  ring  has  two  lugs  at  opposite 
sides,  these  lugs  being  soldered  to  the  wires  that  run  from  the 
ring  windings  to  oppositely  situated  bars  of  the  commutator. 
This  machine  is  compound-wound,  the  windings  being  as 
follows  : — Shunt  coils  of  wire  '075  inch  diameter,  8  layers  of 
44  turns  each  in  each  coil ;  total  weight  of  the  8  shunt  coils, 
^^  lbs. ;  total  resistance  joined  in  series,  7*805  ohms.     Series 
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coils  of  rectangular  wire,  '13  X  '26  inch,  in  2  layers  of  14  turns 
each  on  each  core  ;  total  weight  of  8  series  coils,  38  lbs. ;  total 
joint  resistance  of  series  coils,  '005  ohm. 

Rankin  Kennedy's  Dynamos. 

This  inventor  has  given  the  name  of  iron-clad  to  those 
forms  of  dynamo  in  which  the  field-magnets  enclose  the 
exciting  coils.^  One  of  these  forms  of  field-magnet,  which  is 
discussed  on  p.  200,  has  four  poles,  two  of  them  being  salient 
poles  protruding  directly  through  the  exciting  coils  on  either 
side  of  the  armature,  the  other  two  poles  being  consequent 
poles  formed  at  the  middle-points  of  the  upper  and  lower 
portions  of  the  iron  framework,  which  here  are  bored  away  to 
form  polar  surfaces.  Another  form  ^  of  Kennedy's,  having  one 
coil  only,  resembles  Fig.  121. 

Siemens*  Dynamos. 

These  originated  with  Messrs.  Siemens  and  Halske  of 
Berlin,  who  have  manufactured  many  different  forms.  In 
recent  years  there  has  been  some  divergence  between  the 
types  followed  in  Berlin  and  those  produced  by  the  London 
firm  of  Siemens  Bros.  Until  the  last  year  or  two  the  charac- 
teristic feature  in  all  forms  was  the  drum  armature ;  but  the 
largest  machines  are  now  made  with  rings.  In  some  of  the 
earlier  patterns  of  Siemens'  machines  the  cores  of  the  drum 
were  of  wood,  over-spun  with  iron  wire  circumferentially 
before  receiving  the  longitudinal  windings.  In  another  of 
their  machines  there  was  a  stationary  iron  core,  outside  which 
the  hollow  drum  revolved ;  in  other  machines,  again,  there 
was  no  iron  in  the  armature  beyond  the  driving-spindle.  In 
all  the  modern  drums  iron  core-disks  are  now  used.  The 
various  modes   of  winding  are  described  in  Chapter  XIII. 

'  An  earlier  type  of  "  iron-clad  "  dynamo  by  the  same  inventor  is  described  in 
Industries^  i,  137,  1886. 

'  See  data  given  by  Jamieson  in  1889  to  Institution  of  Engineers  and  Ship- 
builders in  Scotland,  printed  in  The  Electrician^  March  i,  1889. 
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Pp.  361  to  364,  and  their  theory  on  pp.  318  to  326.  The  old 
horizontal  pattern  of  Siemens'  dynamo  is  depicted  in  Fig.  8 
p.  16.  This  was  followed  about  1880  by  the  vertical  form 
shown  in  Fig.  341.     The  field-magnets  here  consist  of  forged 


Siemens'  Dvhauo  {Vertical  Pattern). 

arched  bars  of  wrought  iron,  with  double  m^netic  circuit, 
having  consequent  poles  right  and  left  of  the  armature.  The 
coils  are  wound  on  flat  brass  frames  slipped  over  the  cores. 
In  some  of  the  machines  provision  is  made  for  ventilation  by 
leaving  an  air-space  between  the  brass  frames  and  the  cores. 
About  1882  various  ways  of  compound-winding  were  tried,' 
n  the  Eltklrotichnmhe  Ztitschrift,  March— June,  1885, 
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shown  in  Fig.  279,  p.  385.  Dynamos  of  this  type  are  made 
for  outputs  from  l^  to  80  kiiowatts,  the  largest  having  a 
peripheral  speed  of  14  meters  per  second. 

The  London  firm  has  constructed  much  larger  drum 
machines  for  central-station  lighting,  mainly  of  the  under- 
type.     Fig.  343  represents  one  of  these  machines,  compound- 

FiG.  343. 


Siemens'  Dvnamo  (LoDdon  type  or  1890). 

wound,  with  the  series  winding  on  one  limb  only.  At  the 
Naval  Exhibition  of  1891  were  shown  three  fine  dynamos  of 
180  kilowatts  each,  at  the  slow  speed  of  350  revolutions  per 
minute.  The  armature  is  24  inches  in  diameter,  36  inches 
long,  and  weighs  2-4  tons;  and  the  entire  dynamo  weighs 
I3'6  tons.  The  armature  conductors  are  stranded  bars  ;  the 
commutator  of  hard-drawn  copper,  insulated  with  mica,  with 
144  segments,  9  inches  long,  with  three  pairs  of  brushes  to 
collect  the  1500  amperes.  The  rocker  is  provided  with  worm- 
wheel  to  adjust  the  proper  lead.  There  are  two  independent 
circuits  of  72  turns  each,  which  are  put  in  parallel  with  one 
another  by  the  brushes,  which  are  made  broad  enough  to 
overlap  three  consecutive  bars  of  the  commutator. 
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and  4  feet  5  inches,  giving  1 180  indicated  HP.,  or  lOOO  actual 
HP.,  at  75  revolutions  per  minute.      Each  dynamo  is  capable 


of  giving  2000  amperes  at  140  volts,  at  only  60  revolutions 
per  minute.    The  field-magnet  has  10  salient   poles,  with 
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each  set,  each  brush  being  4'  5  cm.  wide,  of  rectangular  copper 
wire.  The  star-piece  carrying  the  overhung  armature  was  of 
cast  iron,  with  30  arms,  supporting  the  core-disks  by  means 
of  30  insulated  steel  bolts.  To  collect  the  currents  the  five 
positive  brush-sets  are  united  together,  and  the  five  negatives 
are  also  connected  together ;  the  currents  being  conveyed 
to  the  mains  by  flexible  cables.  At  a  speed  of  100  revolutions 
per  minute  this  machine  reaches  an  output  of  600  kilowatts. 

Edison  Dynamos. 

In  1879,  after  proposing  a  strange  sort  of  machine  as 
generator,  in  which  inductive  coils  were  waved  to  and  fro  at 
the  end  of  the  prongs  of  a  gigantic  tuning-fork,  Mr.  Edison, 
with  the  assistance  of  Mr.  Upton,  designed  the  machine 
which  is  depicted  in  Fig.  346.  It  has  a  drum  armature 
rotating  between  heavy  pole-pieces  excited  by  a  very  long 
magnet  with  tall  columnar  limbs.  The  "  Z "  pattern  of 
machine  was  capable  of  lighting  30  Edison  lamps.  In  the 
Edison  armatures  the  number  of  sections  of  the  winding  is  an 
odd  number. 

In  the  first  machines  there  were  seven  paths,  as  shown  in 
Fig.  208  (p.  319),  taken  from  Edison's  British  Patent  Specifi- 
cation. In  his  large  "steam  dynamo"  of  188 1  the  number  of 
sections  was  49.  One  consequence  of  this  peculiarity  of 
structure  is,  that  if  the  brushes  are  set  diametrically  opposite 
to  one  another,  one  will  touch  the  middle  of  a  bar  of  the 
collector  at  the  instant  when  the  other  slides  from  bar  to  bar. 
In  Edison's  larger  dynamos  the  armature  is  made  of  bars  of 
copper.  The  mode  of  connecting  the  ends  by  means  of 
copper  washers  is  described  on  p.  365.  For  larger  machines 
two  or  three  tall  field-magnets  like  Fig.  346  were  assembled 
side  by  side,  over  an  armature  of  double  or  triple  length.  An 
Edison  60-light  "  Z  "  machine  of  the  older  pattern,  tested  by 
the  Committee  of  the  Munich  Exhibition,  was  found  to  give 
an  efficiency,  which,  if  measured  by  the  ratio  of  external 
electric  work  to  total  electric  work,  (exceeded  87  per  cent. ; 
but  its  commercial  efficiency — the  ratio  of  external  electric 
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each  set,  each  brush  being  4'  5  cm.  wide,  of  rectangular  copper 
wire.  The  star-piece  carrying  the  overhung  armature  was  of 
cast  iron,  with  30  arms,  supporting  the  core-disks  by  means 
of  30  insulated  steel  bolts.  To  collect  the  currents  the  five 
positive  brush-sets  are  united  together,  and  the  five  negatives 
are  also  connected  together ;  the  currents  being  conveyed 
to  the  mains  by  flexible  cables.  At  a  speed  of  100  revolutions 
per  minute  this  machine  reaches  an  output  of  600  kilowatts. 

Edison  Dynamos. 

In  1879,  after  proposing  a  strange  sort  of  machine  as 
generator,  in  which  inductive  coils  were  waved  to  and  fro  at 
the  end  of  the  prongs  of  a  gigantic  tuning-fork,  Mr.  Edison, 
with  the  assistance  of  Mr.  Upton,  designed  the  machine 
which  is  depicted  in  Fig.  346.  It  has  a  drum  armature 
rotating  between  heavy  pole-pieces  excited  by  a  very  long 
magnet  with  tall  columnar  limbs.  The  "  Z "  pattern  of 
machine  was  capable  of  lighting  30  Edison  lamps.  In  the 
Edison  armatures  the  number  of  sections  of  the  winding  is  an 
odd  number. 

In  the  first  machines  there  were  seven  paths,  as  shown  in 
Fig.  208  (p.  319),  taken  from  Edison's  British  Patent  Specifi- 
cation. In  his  large  "steam  dynamo"  of  1881  the  number  of 
sections  was  49.  One  consequence  of  this  peculiarity  of 
structure  is,  that  if  the  brushes  are  set  diametrically  opposite 
to  one  another,  one  will  touch  the  middle  of  a  bar  of  the 
collector  at  the  instant  when  the  other  slides  from  bar  to  bar. 
In  Edison's  larger  dynamos  the  armature  is  made  of  bars  of 
copper.  The  mode  of  connecting  the  ends  by  means  of 
copper  washers  is  described  on  p.  365.  For  larger  machines 
two  or  three  tall  field-magnets  like  Fig.  346  were  assembled 
side  by  side,  over  an  armature  of  double  or  triple  length.  An 
Edison  60-light  "  Z  "  machine  of  the  older  pattern,  tested  by 
the  Committee  of  the  Munich  Exhibition,  was  found  to  give 
an  efficiency,  which,  if  measured  by  the  ratio  of  external 
electric  work  to  total  electric  work,  [exceeded  87  per  cent. ; 
but  its  commercial  efficiency — ^the  ratio  of  external  electric 

2  L 


% 


1  ■■ 


Examples  of  Modem  Dynamos.  515 

by  Edison  prior  to  1884  had  a  number  of  long  iron  columns  as 
cores  to  receive  the  coils.  Since  that  date  the  more  compact 
arrangement  of  a  single  magnetic  circuit  with  short  stout 
magnets  has  been  adopted  by  the  Edison  companies  on  both 
sides  of  the  Atlantic  The  usual  form  (type  of  188S)  of 
Edison  dynamo,  as  used  in  the  States,  is  depicted  in  Fig.  347. 

Fig.  347. 


Edison  Dynamo  (iSSSType). 

The  field-magnets  are  of  cast  iron,  with  a  massive  yoke,  and 
stand  upon  a  high  footstep  of  zinc  to  diminish  magnetic  leakage 
through  the  bed-plate.  These  machines  are  shunt-wound,  and 
arc  intended  for  incandescent  lighting  work.  The  bearings 
are  longer  and  the  mechanical  arrangements  in  every  way 
superior  to  those  of  the  older  machines. 

At  the  Paris  Exhibition  of  1889  were  a  number  of  dynamos 
built  by  the  Edison  Machine  Company,  of  Schenectady, 
ranging  from  a  small  2i^  kilowatt  machine,  15  inches  high,  to 
one  of  150  kilowatts,  102  inches  high.  Figs,  i  104,  Plate 
VII.,  depict  two  of  these  machines.  Figs.  I  and  2  are  draw- 
ings of  the  largest  machine.  This  dynamo  is  capable  of 
suppljang  1250  amperes  at  140  volts,  when  running  at  250 
2  L  3 


5i6 


Dynamo' Electric  Machinery. 


iJ 


« 


revolutions  per  minute.  It  has  a  41 -part  commutator  and  an 
82-bar  armature.  There  are  six  brushes  in  each  set,  each 
I '88  inches  wide  and  about  0*62  inches  thick.  Its  weight  is 
12^  tons. 

Some  particulars  published  in  1890  by  M.  Minet*  con- 
cerning some  of  these  dynamos  show  that  the  speeds  vary 
from  2000  revolutions  per  minute  in  the  2^  kilowatt  machine 
up  to  800  in  a  45  kilowatt  machine.  The  peripheral  speeds 
varied  from  12*5  to  14  metres  per  second.  Mean  value  of  B 
in  gap  space  from  3200  to  4100.  The  gross  efficiency  of  the 
larger  machines  was  about  95*6  per  cent;  the  electrical 
efficiency  93*8  ;  the  net  efficiency  about  89*7  per  cent 

Since  returning  from  Europe  in  1889  Mr.  Edison  has  de- 
signed some  larger  multipolar  dynamos  direct-driven  from 
vertical  triple-expansion  engines.  Plate  XIII.^  shows  two  100 
kilowatt  dynamos  fixed  at  the  ends  of  the  crank-shaft,  precisely 
as  with  the  larger  Berlin  dynamos.  The  engine  is  of  300  HP. 
at  176  revolutions  per  minute.  The  field-magnets  are  external, 
with  eight  consequent  poles ;  and  the  armature  is  ring-wound. 
The  conductors  are  made  up  of  straight  pieces  on  one  face  of 
the  ring  joined  by  U-shaped  pieces  into  a  continuous  winding. 
The  straight  pieces  serve  also  as  commutator  against  which  the 
eight  sets  of  brushes  press.  There  are  944.  convolutions  ;  and 
as  alternate  sets  of  brushes  are  connected  together,  there  are 
really  eight  rows  of  1 16  turns  each  in  parallel.  Each  dynamo 
gives  666  amperes  at  150  volts.  The  armature  resistance  is 
0*006  ohm  ;  that  of  the  field-coils  8*45  ohms. 

A  smaller  size  of  machine  of  the  same  type  is  shown  in 
Figs.  348,  349,  each  of  the  two  dynamos  being  of  75  kilowatts 
capacity.  The  new  central  station  in  New  York  will  be 
equipped  with  14  such  machines,  each  with  two  400  kilowatt 
dynamos.  It  will  therefore  be  like  the  European  kind  of 
central  station,  and  quite  unlike  the  usual  American  central 
station,  in  which  the  most  conspicuous  feature  is  leather,  a 
large  number  of  small  dynamos  being  driven  by  belts  from 
countershafts. 

*  La  LumHre  Electriqw^  xxzv.  401,  189a 
.    '  See  Electrical  Engineer  (N.  Y.),  xi.  489, 1891 ;  by  the  courtesy  of  the  editors 
of  which:  JQtinml  the  use  of  Plate  XIII.  is  permitted. 
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that  even  when  doing  full  duty,  the  field-magnets  are  far  from 
being  saturated.  It  will  be  remarked  that,  in  the  older  con- 
struction, the  bolts  and  their  attached  end-plates  furnished  a 
circuit  in  which  idle  currents  were  constantly  running  waste- 
fully  round,  with  consequent  heating  and  loss. 

A  remarkably  complete  account  of  one  of  these  dynamos, 
constructed  by  Messrs.  Mather  and  Piatt,  was  published  in 
1886.^  As  this  machine  is  often  referred  to  in  the  theoretical 
chapters  of  this  book,  a  detailed  account  of  it  is  important 
Its  design  may  be  gathered  from  Figs,  350,  351,  and  352. 

The  machine  described  is  intended  for  a  normal  output  of  320 
amperes  at  a  pressure  of  105  volts,  running  at  750  revolutions  per 
minute.     The  field-magnet  consists  of  two  limbs  connected  by  a  yoke 
of  rectangular  section.     Each  limb,  together  with  its  pole-piece,  is 
formed  of  a  single  forging.    The  wrought  iron  used  for  these  and  the 
yoke  is  of  annealed  hammered  scrap ;  the  magnetic  properties  being 
those  described  in  Chapter  VI.     The  section  of  the  limbs  is  nearly 
rectangular,  with  rounded  comers.    The  yoke  is  bolted  to  the  limbs, 
the  joints  being  well  surfaced.     The  bed-plate  is  of  iron,  a  zinc  base 
12*7  cm.  high  being  interposed.    The  armature  core  is  built  up  of 
about  1000  thin  plates  of  soft  wrought  iron,  insulated  from  the  shaft, 
and  separated  by  paper  from  one  another.     They  are  held  between 
two  end-plates,  one  of  which  is  secured  by  a  washer  shrunk  on  the 
shaft,  and  the  other  by  a  screw-nut  and  lock-nut. 

The  foUowing  are  the  dimensions  of  the  iron  parts : — Diameter  of  armature 
core,  25*4  cm. ;  of  internal  hole,  7*62  cm. ;  of  shaft,  6*98  cm. ;  length  of  core, 
50*8  cm'.  Length  of  field-magnet  limb,  45*7  cm.;  broulth,  22*1  cm.;  width 
(parallel  to  shaft),  44*45  cm.  Length  of  yoke,  61*6  cm. ;  width,  48*3  cm. ; 
depth,  23*2  cm.  Diameter  of  bore  of  field-magnets,  27*5  cm.  ;  depth  of  pole- 
piece,  25*4  cm. ;  width  (parallel  to  shaft),  48*3  cm.  ;  width  between  pole-pieces, 
12*7  cm.  Area  of  section  of  iron  in  armature  core,  810  sq.  cm.  Angle  sub- 
tended by  bored  face  of  pole-pieces,  129°.  Actual  area  of  pole-piece,  1513 
sq.  cm. ;  effective  area,  1600  sq.  cm.  Thickness  of  gap  space,  1*5  cm.  Area  of 
section  of  limbs,  980  sq.  cm. ;  ditto  of  yoke,  1120  sq.  cm.. 


1  See  paper  on  Dynamo-electric  Machinery^  by  Drs.  J.  and  E.  Hopkinson,  in 
the  Philosophical  Transactions  for  1886,  Part  L  This  most  valuable  paper  was 
reprinted,  but  without  the  plates,  in  the  Electrical  Review^  zviiL  1886.  It 
was  also  printed  in  the  Electrician^  xviiL  39,  63,  86,  and  175,  in  issues 
of  Nov.  19th  and  26th,  and  Dec.  3rd  and  31st,  1886,  where  the  figures  of  the 
plates  are  printed  in  the  text 
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The  windings  are  as  follows: — Magnetizing  coils,  11  layers  on 
each  limb  of  copper  wire,  2*413  mm.  diameter.  Total  convolutions, 
3260  j  total  length,  4570  metres.  Armature,  40  convolutions  in  two 
layers  of  ?o  convolutions  of  stranded  copper  wire,  consisting  of 
1 6  strands  of  wire  1*753  mm.  diameter.  Resistance  (at  13*5®  C.) : 
field-magnet,  16-93  ohms;  armature,  0*009947  ohnu  Normal 
magnetizing  current,  6  amperes.  Commutator,  40  copper  bars  insu- 
lated with  mica. 

Recent  tests  with  Edison-Hopkinson  dynamos  constructed 
by  Messrs.  Mather  and  Piatt,  of  Manchester,  show  that  they 
have  an  economic  coefficient  of  over  95  per  cent,  and  an 
actual  commercial  efficiency  of  over  93  per  cent.  These 
machines  have  usually  from  two  to  five  separate  brushes  at 
either  side,  capable  of  separate  removal,  so  that  they  may  be 
trimmed  without  stopping  the  machine.  In  order  to  bring 
the  neutral  points  of  the  commutator  to  convenient  positions 
right  and  left,  the  connecting  pieces  which  join  the  commu- 
tator bars*  to  the  armature  windings  are  carried  spirally 
through  about  90^  The  makers  of  these  machines  have 
modified  in  detail  the  winding  of  the  armatures,^  enabling 
them  to  use  copper  bars  instead  of  stranded  wire.  They 
shape  the  pole-pieces  to  diminish  distortion  of  field,  and  con- 
nect the  armature  bars  across  the  ends  of  the  armature  by 
spiral  connectors  in  two  layers,  like  those  used  in  Siemens' 
electroplating  dynamos. 

Figs.  353  and  354  depict  the  large  225  kilowatt  dynamos 
built  by  Messrs.  Mather  and  Piatt  for  the  South  London 
Electric  Railway.  They  are  further  shown  in  Plate  XX. 
They  have  a  maximum  output  of  450  amperes  at  500  volts 
when  running  at  500  revolutions  per  minute.  The  limbs  and 
yoke  are  of  wrought  iron,  the  polar  masses  of  cast  iron.  The 
armature  conductors  are  copper  bars,  and  the .  resistance  from 
brush  to  brush  is  0*017  ohm.  That  of  the  shunt  coil  is  96 
ohms,  of  the  series  coil  0*015  ohm.  The  compound  winding 
is  not,  however,  of  much  service  for  such  rapidly  varying  loads 
as  occur  in  railway  work,  for  with  such  massive   magnets 

'  See  Industries^  ii.  549,  1887  ;  and  Specification  of  Patent,  48S4  of  18S6. 
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changes  of  magnetism  cannot  take  place  rapidly  enough. 
The  weight  of  magnets  and  pole-pieces  is  8'$  tons,  that  of 
the  yoke  3*05  tons,  of  the  armature  2 '8$  tons  ;  whilst  each 
complete  machine  with  its  bed-plate  weighs  1 7  tons. 

Some  efficiency  tests  of  a  53  kilowatt  compound-wound 
Edison-Hopkinson  dynamo  direct-driven  at  430  revolutions 
per  minute  by  a  Willans'  engine  have  been  published.* 
Indicated  horse-power  absorbed  85  '3  ;  output 475  amperes  at 
no  volts,  or  52*2  kilowatts,  or  70*0  horse-power;  making  a 
net  efficiency  of  83  •  3  per  cent  The  electrical  efficiency  was 
actually  96  per  cent,  the  electrical  losses  being  only  3  per 
cent,  whilst  10  per  cent  was  lost  in  friction  in  engine  and 
dynamo* 

SCHUCKERT'S  DYNAMOS, 

The  armature  of  the  original  Schuckert  machine  was  a  flat 
ring,  the  core  of  which  was  built  up  of  a  number  of  thin  iron 
disks.    The  winding  was  identical  with  that  of  a  Gramme 
machine,  and  the  field-magnets  resembled,  in  general,  those  of 
the  typical  Gramme.    The  ring  was  almost  entirely  enclosed 
between  wide  pole-pieces,  each  of  which  covered  nearly  half 
the  ring.     The  ordinary  pattern   of  machine  is  shown   in 
^*&  35S>  which  shows  how  the  frame  admits  of  removing  the 
armature.     In   recent  years  Messrs.  Schuckert  and  Co.   (of 
Niimberg)  have  brought  out  many  modified  types  of  machines, 
but  all  having  the  flat-ring  armature.     The  cores  are  now 
made  of  iron  tape  insulated  with  paper,  coiled  upon  a  brass 
foundation  ring.     Only  the  small  sizes  are  made  with  two 
poles,  all   above  12  kilowatts  being  multipolar.     As  is  the 
case  with  most  German  dynamos,  the  field-magnets  are  of 
cast  iron,  the  commutator  bars  are  insulated  with  paper,  and 
the  wires  secured  to  them   by  screws.      At  the   Frankfort 
Exhibition  of  1 89 1  a  lai^e  number  of  these  machines  were 
shown,*  the  finest  of  them  being  a  large  direct-driven  multi- 
polar of  a  certain  capacity  of  230  kilowatts,  giving  1000  amperes 
at  230  watts,  and  taking  320  HP.  at  160  revolutions    per 

>  7^  Electrician^  xxv.  707,  1890. 

*  See  artide  by  Esson  in  Electrical  Review^  xxiz.  526,  1891. 
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minute.  This  machine,  Plate  XII.,  stands  about  8  feet  above 
the  ground,  into  which  it  sinks  nearly  3  feet  The  external 
diameter  of  the  ring  is  240  cm.,  wound  with  1120  turns  of 
braided  stranded  wire :  the  cross-section  of  iron  in  it  being 


Fig.  3SS- 


Schuckkkt's  Dvnaho,  with  Fiat-king  Aihatubi. 

680  sq.  cm.  The  commutator  is  150  cm.  in  diameter,  with 
560  segments,  cross-connected,  so  as  to  reduce  the  number  of 
brushes.  The  resistance  of  the  armature  is  O'O0€  ohiQ  ;  that 
of  the  magnet  winding  7-4  ohms.  There  are  14  poles,  and 
the  armature  winding  is  grouped  in  14  rows  of  80  turns  each, 
all  in  parallel.  The  magnet  poles  project  inwards  from  an 
external  cast-iron  case,  divided  horizontally.  A  thrust-bear- 
ing is  provided  to  limit  end-play,  and  this  is  carried  on  an 
outer  bracket  There  are  four  brush-holders,  two  positive 
and  two  n^ative,  each  carrying  three  brushes,  each  5  cm.  in 
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widtb,  making  a  total  width  of  30  cm.  for  collecting  1000 
amperes.  A  still  larger  machine  with  16  poles  is  at  work  in 
the  central  station  at  Diisseldorf. 


GooLDEN's  Dynamos. 

Excellent  dynamos  have  long  been  manufactured  by  the 
firm  of  W.  T.  Gooldcn  &  Co.  The  calculation  of  their  design 
by  Mr.  Ravenshaw  has  already  been  alluded  to :  their  swivel 


GooLOKN  Dynamo  and  Willanb'  ENGnra. 

bearings  were  noted  on  p.  394,  their  screw-fed  brushes  on 
p.  384,  and  their  driving-horns  of  fibre  on  p.  355.  In  their 
larger  dynamos  bar  armatures  are  employed,  having  rectan- 
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gular  conductors  built  up  of  laminated  or  twisted  copper  strip, 
lightly  oiled.     The  smaller  are  wound  with  round  wire,  silk 
covered.      In  Fig.  356  is  illustrated  a  61  kilowatt  Gooldeo 
dynamo  of  the  over-type,  direct-driven  at  460  revolutions  per 
minute  from  a  Willans'  engine,  so  frequently  used  in  central 
stations  in  England.    The  magnet  limbs  and  pole-pieces  are 
of  wrought  iron.    The  pole  faces  are  bored  elliptically,  so  as 
to  leave  greater  air-space  below  armature  than  above,  and 
counteract  magnetic  pull.    The  core-disks  are  of  charcoal  iron 
clamped  upon  a  gun-metal  spider.    The  conductor  bars  are 
driven  by  80 — 1 00  fibre  horns  inserted  in  key- ways  in  the 
periphery  of  the  core :  they  are  united  at  ends  by  connectors 
made  of  spiral  stamped  plates  of  copper.    At  one  end  the 
bars  are  made  fast  to  the  segments  of  the  commutator ;  at 
the  other  they  are  supported  by  an  insulated  brass  ring,  which 
allows  them  to  expand  longitudinally  when  they  warm  up. 
The  commutator  is  of  hard-drawn  copper  and  mica,  built  up 
on  a  separate  sleeve  keyed  to  the  shaft.    The  following  tests 
were   made  of  one  of  these  combined   plants,  running  at 
500  revolutions  per  minute,  showing    the    location  of  the 
various  losses : — 


At  Full  Losd. 


AtHalfLoMl. 


Net  output      

Loss  in  armature  resistance 


50,000 


1,010 


Loss  in  magnet  coils      I    615 

I^ss  by  friction,  eddy-currents,    and"^ 
hysteresis       /       ^^ 


Total  loss  in  dynamo 11,880 

Gross  output '    .. 


aS.oool 


250 

590] 


1,880 


i»095 


1.09s 


Loss  in  engine        

Total  indicated  HP.  in  watts 

Commercial  efficiency  of  dynamo 
Commercial  efficiency  of  combination .. 


51,88051,880 

I 
..     1  5.920 


57.800 


96*2  percent. 
86*5  percent. 


26,095 


26,095 
5.9» 


3a  ,015 


95*7  percent. 
71*8  per  cent 
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Holmes'  Dynamos. 

Messrs.  J.  H.  Holmes  &  Co.,  of  Newcastle-on  Tyne, 
have  introduced  a  compact  and  well-built  form  of  Gramme 
machine,  depicted  in  Fig.  357.  It  is  known  as  the  "  Castle  " 
dynamo ;  its  yoke  and  pole-pieces  are  of  cast  iron,  bored  to 
receive  the  cylindrical  upright  wrought-iron  cores.  The  ring 
FIG.  357. 


HoLMls'  DVNAUO. 

armature  core  is  made  up  of  thin  plates  of  charcoal  iron. 
The  commutator  bars  are  forced  together  by  hydraulic 
pressure  before  being  clamped  up.  Messrs.  Holmes  have 
applied  themselves  very  successfully  to  the  problem  of  obtain- 
ing a  constant  output  from  a  dynamo  when  driven  at  variable 
speeds.'    The  case  in  which  this  arises  is  in  the  lighting  of 

'  For  variocE  solnlions  of  tbis  piobUm  gee  foUornDg  SpedGcatioiM  of  Palents : 
H3ofiSSg(Mordey);  3410  of  1S89  (Sayers) ;  ind  10,344  of  1SS9  (Holmei}. 
AUo  P.  Hoho,  in  Bulk  dtlaSot,  B^  d'EUctririeni,  Much  1890. 
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railway  trains  by  dynamos  driven  from  the  axles  of  one  of 
the  carriages.  This  they  accomplished  by  a  special  combina- 
tion of  two  dynamos,  together  with  certain  automatic  switches. 
The  larger  dynamo  is  wound  with  two  circuits  upon  the  field- 
magnets,  and  its  shaft  is  coupled  to  a  smaller  dynamo,  the 
function  of  which  is  to  send  a  demagnetizing  current  around 
the  second  circuit  of  the  larger  dynamo,  so  that  as  the  speed 
rises  its  magnetism  falls  nearly  in  proportion.  By  this  means 
the  voltage  is  kept  nearly  constant,  though  the  speed  of  the 
train  may  vary  from  30  to  70  miles  per  hour. 


Laurence,  Paris, 'and  Scott's  Dynamos. 

In  the  modern  machines  by  this  firm  the  magnets  are  of 
the  type  Fig.  120,  No.  8,  with  consequent  poles,  but  more 
compact,  and  with  deep  nicks  between  the  right  and  left-hand 
halves  to  diminish  cross-magnetization.  The  armature  con- 
ductors are  bedded  in  deep  narrow  slots  between  iron  teeth  in 
the  core-disks,  which  are  threaded  upon  a  hexagonal  steel 
shaft.  When  compound-wound  the  series  coils  are  usually 
wound  first,  and  on  the  upper  core-limbs  only.  For  large 
machines  the  series  coils  are  of  sheet  copper,  insulated  with 
strips  of  calico.  The  following  data  relate  to  a  "  C  6  "  dynamo 
wound  for  120  amperes  at  100  volts,  at  710  revolutions  per 
minute.  The  same  machine  with  shunt  winding  only  would 
serve  for  charging  accumulators  with  60  amperes  at  130  volts, 
at  910  revolutions  per  minute. 

There  are  52  sections  in  the  commutator,  and  two  com- 
plete turns  of  conductor  between  each  section.  The  sectional 
area  of  the  iron  in  the  armature  core  is  29*7.  Sectional  area 
of  magnet  cast  iron  98  square  inch.  The  magnetic  density 
when  giving  100  volts  at  710  revolutions  is  nearly  138,000 
lines  per  square  inch.  The  armature  conductor  is  of  braided 
wire,  and  is  extremely  well  insulated  between  inside  and 
outside  windings,  and  from  the  iron  core. 

Ampere  turns  in  shunt  6468. 

Ampere  turns  in  series  coils  3360. 
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The  series  winding  consists  of  28  turns  of  sheet  copper 
4^  inches  wide,  '025  thick,  on  each  of  top  magnets. 

The  current  density  in  armature  conductor  is  3210  amperes 
per  square  inch,  with  120  amperes. 

Resistance  of  shunt  coils  32*4  ohms  watts  lost  with  100  volts  . .  308 

series  coils  0*0124  „  ,,         ,,      120  amps.  ..  178 

armature  coils  o '  045  ohms  watts  lost  wi th  1 20  amps.  648 


Total  watts  lost      ..     1,134 

Watts  in  external  circuit 12,000 

Total  watts 13.134 

showing  an  electrical  efficiency  of  91  '4  per  cent. 

"Tyne"  Dynamos. 

These  machines,  constructed  by  Messrs.  Ernest  Scott 
&  Co.,  from  the  designs  of  Mr.  Mountain,  have  mostly  four 
consequent  poles  and  a  cross-connected  armature.  The 
arrangements  of  commutator,  brush-holders,  and  rocker  are 
of  great  excellence,  and  are  depicted  on  Plate  XV.  The 
mode  of  holding  together  the  commutator  is  designed  to 
prevent  creeping  of  oil  into  its  interstices. 

Lahmeyer's  Dynamo. 

This  machine,^  the  magnets  of  which  belong  to  the  iron- 
clad type,  is  depicted  in  Fig.  358.  It  has  been  submitted  to 
elaborate  tests  by  Professor  W.  Kohlrausch.  The  machine, 
weighing  597  kilogrammes,  gave  60  amperes  at  65  volts,  with 
a  speed  of  1250  revolutions  per  minute.  The  current  density 
in  the  armature  was  8*3  amperes  per  square  millimetre  of 
copper  in  section.  The  commercial  efficiency  was  over  80  per 
cent.  Though  the  field-magnets  of  cast  iron  were  magnetized 
up  to  only  36  per  cent,  of  their  maximum,  the  armature 
current  showed  very  little  demagnetizing  tendency.  Accord- 
ing to  the  inventor  the  waste  magnetic  field  is  less  than  8 
per  cent,  of  the  total  field  generated.  The  armature  is 
wound  on  a  plan  suggested  by  Arnold  of  Riga,  and  indepen- 
dently suggested  by  Crompton,  namely,  the  conductors  are 

*  See  CeniralbkUt  fur  Elektrotechnik,  ix.  71  and  411,   18^7;  also   EUktro- 
Uchniscke  Zeitschrift,  ix.  89,  188S. 
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wound  between  teeth  in  the  periphery  of  the  core,  after  which 
the  whole  exterior  of  the  armature  is  served  with  a  thin  layer 
of  insulating  material,  and  over  this  a  layer  of  iron  wires  is 
wound.  More  recently  Herr  Lahmeyer  has  constructed  in 
Frankfort'  multipolar  dynamos  of  kindred  type. 

Fio.  358. 


Lakuxvek's  Dvnamo. 


"Leeds"  Dynamo. 


This  machine  (Fig.  359),  made  by  Greenwood  and  Batlev 
of  Leeds,  belongs  to  a  type  of  machine  with  one  exciting  coil 
originated  by  the  author  (see  Fig.  I2I,  p.  200)  in  1883. 
Similar  designs  have  been  used  by  Messrs.  Goolden  &  Co^ 
Messrs.  Immisch,  and  Mr.  R.  Kennedy.  The  magnet-core  is 
of  soft  wrought  iron,  the  polar  limbs — the  lower  one  of  which 
is  in  one  piece  with  the  bed-plate — are  of  annealed  cast  iron. 
The  armature  is  ring-wound  in  a  single  layer,  and  is  provided 
with  a  commutator  of  unusual  length.  The  following  are  the 
dimensions  of  "  Leeds "  dynamos  supplied  to  the  Cad<^^ 
lighting  station  at  Chelsea  : — 

3S  kilowatt  dynamo :  Output,  70  amperes  at  500  volts,  30  HP.i 
at  8do  revoludons  per  minute.    Section  of  iron  in  armature  core 
84  sq.  inches;  in  magnets  87  sq.  inches.     Total  length  of  magnetic 
'  See  EUctrkal  Rtviem,  xxix.  404,  1891. 
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circuit  85  inches;  ampeie-tums  on  magnet  39,000.  Air-gap,  345 
iq.  inches,  by  0*57  inch  from  core  to  pole  sur&ce.  B,.  =  86,400. 
IMameter  of  armature  (outside)  18-5  inches  ;  length  ditto,  14  inches ; 


peripheral  speed,  3900  feet  per  minute ;  weight  of  copper  in  armature, 
iiSlbs.;  current  density  in  armature,  3750  amperes  per  sq.  inch; 
total  turns  in  armature  winding,  560 ;  number  of  bars  of  commu- 
tator, 80. 

2  M  2 
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Elwell- Parker  DvNAMoa 
Plate  VI.  depicts  a  2-pole  drum  machine  of  20  kilowatt 
capacity  made  by  the  Electric  Construction  Corporation, 
who  have  given  the  following  particulars;  — 0«^a/ :  200 
amperes  at  loo  volts;  requiring  284  HP.  at  900  revolutions 
per  minute.  Armature :  Core-disks  i  ij  inches  external 
diameter,  2^  inches  internal  diameter.  Number  of  con- 
ductors 104,  each  0'05  square  inch  in  section.  Resistance 
0*0154  ohm.  Commutator  has  52  segments,  6^  inches  in 
length,  Field-fuagnet :  compound  wound  ;  resistance  of  shunt 
28  ohms  ;  of  series  winding  0-002 1  ohm.  The  field-magnets 
of  these  machines  are  made  up  of  several  bars  of  wrought 
iron,  with  a  thin  cast-iron  cap  over  the  pole-pieces.  The 
core-disks  are  threaded  direct  on  the  shaft  The  chief  insu- 
lating material  used  is  a  preparation  of  paper,  impregnated 
with  a  special  varnish.  This  firm  has  also  constructed  lai^e 
4-pole  drum  machines  for  central-station  lighting. 

"Taunton"  Dvnamos, 

Messrs.   Newton    of   Taunton    produce    excellent    little 

machines,  Fig.  360,  of  the  same  type  as  the  preceding.     One 

of   these   examined   by    the 

^'°-  3^'  author  ran  absolutely  spark- 

lessly  at  alt  loads. 

General  Electric  Trac- 
tion Company's  Dynamos. 
This  firm  has  devoted 
itself  to  machines  suitable  for 
traction  and  mining  purposes. 
The  machine  depicted  in 
Fig,  361  was  built  from  the 
designs  of  Mr.  A.  T.  Snell. 
It  has  wrought-iron  cores  and 
Thk  TAuNTON'DYMANa  cast-IroH   polar  yoke    pieces 

in  the  magnets.    The  brushes 
arc  of  carbon ;  the  holder  is  the  same  depicted  in  Fig.  277 
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fp.  382).    This  firm  has  also  produced  some  lai^e  4-pol6 
dynamos  of  the  same  type  as  Fig.  I,  Plate  IX. 


Other  Multipolar  Dvnamos. 
In   recent    years  various  other  multipolar    forms    have 
appeared  for  central-station  work.    The  Allgemeine  Company 
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of  Berlin  has  constructed  large  i2-polc  machines,'  as  well  as 
6-pole  and  4-pole  drum  dynamos.  The  Thomson-Hous- 
ton Company  has  designed  a  large  4-pole  drum'  closely 


I   Eleklralechnische  Zeitsehri/t,  x,  Sept.  1889, 
»  Elulrual  World,  xiv,  335,  1889. 


Examples  of  Modem  Dynamos.  535 

resembling  Fig.  i,  Plate  IX.  Large  machines  have  also  been 
turned  out  by  Messrs.  Latimer  Clark,  Muirhead  &  Co.  of 
Westminster.^  Messrs.  Alioth  &  Co.*  of  Basel  also  construct 
multipolar  drum  dynamos.  The  Westinghouse  Company  is 
designing  some  large  6-pole  machines. 

Thury's  Dynamo. 

A  6-pole  hollow-drum  dynamo  by  Thury  of  Geneva  is 
shown  in  Fig.  362.  The  method  of  the  winding  is  described 
on  p.  330,  and  the  detail  of  the  field-magnet  on  p.  201. 

WenstrOm's  Dynamo. 

This  form,  which  made  its  appearance  in  Sweden  in  1882, 
has  field-magnets  of  the  iron-clad  type,  with  two  salient  pole- 
pieces  upon  which  the  coils  are  borne,  an  external  cylinder 
of  iron,  which  encloses  the  machine,  serving  as  the  yoke. 
The  armature  has  the  peculiarity  that  the  coils  are  wound  in 
circular  holes  notched  into  the  periphery  of  the  armature 
core. 

»  Electrical  World,  xiiL  284,  1889. 

'  La  Zumiire  Electrique,  xxxii.  522,  1889. 
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CHAPTER  XIX. 

MISCELLANEOUS  DYNAMOS. 

In  this  chapter  are  included  Dynamos  for  Electrometallurgy, 
Unipolar  Dynamos,  Disk-Dynamos  and  other  miscellaneous 
forms. 

Dynamos  for  Electroplating  and  Electro-   ' 

metallurgy. 

Special  forms  of  dynamo  are  needed  for  the  work  of 
electroplating,  electrotyping,  and  the  electrolytic  treatment 
of  ores  and  purification  of  metals.  They  must,  of  course,  be 
of  the  continuous-current  type.  In  general,  very  low  electro- 
motive-forces and  very  large  currents  are  requisite,  for  the 
quantity  of  metal  deposited  in  the  bath  depends  upon  the 
quantity  of  amperes  of  current  only,  and  not  on  the  number 
of  volts  of  electromotive-force.  And  though  a  few  volts  are 
necessary  to  drive  the  requisite  current  through  the  resistances 
of  the  circuit,  the  number  is  in  every  case  small.  To  decom- 
pose water  electrolytically  requires  less  than  two  volts.  To 
deposit  metal  in  a  bath  in  which  the  anode  is  of  the  same 
metal  as  the  deposit  requires  usually  a  very  small  electro- 
motive-force. In  general,  if  too  great  an  electromotive-force 
is  employed,  or  if  the  density  of  current  (i.  e.  the  number  of 
amperes  per  unit  of  area  of  kathode  surface)  is  permitted,  the 
metallic  deposits  will  be  uneven  or  pulverulent.  All  these 
circumstances  point  to  the  construction  of  dynamos  having 
at  most  but  four  or  five  volts  of  electromotive-force,  but  so 
designed  as  to  have  an  exceedingly  low  internal  resistance. 

The  first  application  of  a  dynamo  to  the  purpose  of  electro- 
plating IS  due  to  Mr.  J.  S.  Woolrich,  who  in   1842   patented 
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this  use  of  a  magneto-electric  machine.  Wilde,  however,  was 
the  first  to  construct  machines  really  fitted  for  the  purpose, 
when  he  invented  the  principle  of  using  a  large  dynamo,  the 
field-magnets  of  which  were  separately  excited  by  the  currents 
of  a  smaller  magneto  machine.  His  first  machines,  which 
were  used  for  many  years  by  Messrs.  Elkington,  had  small 
exciters  of  the  old  Siemens  type  (Fig.  23),  mounted  upon 
electromagnets  of  the  form  shown  in  Fig,  119,  No.  i.  Both 
armatures  were  of  the  old  shuttle-form  introduced  by  Siemens, 
and  the  larger  one  required  to  be  kept  cool  by  streams  of  water. 
About  the  year  1867  Wilde  introduced  another  type  of 
machine,  to  which  reference  was  made  on  p.  12.  The  arma- 
ture coils  (save  the  one  used  for  feeding  the  field-magnets) 
are  connected  in  parallel  in  the  manner  shown  in  Fig.  417. 
There  are  iron  cores  in  the  armature  coils  of  this  machine, 
which  is,  in  consequence,  prone  to  heat.  Weston  introduced 
a  small  machine  for  nickel-plating  which  had  steel  cores  to  the 
magnets  but  with  main-circuit  coils  upon  them,  and  an  auto- 
matic cutoff  to  break  the  current,  to  prevent  the  magnetism 
from  reversing  by  a  back-current  from  the  bath.  Elmore 
introduced  another  machine  with  multipolar  magnets  and 
disk  armature.  The  commutator  merely  rectified  the  currents 
(p.  40)  without  rendering  them  continuous.  This  is  a  bad 
feature  :  for  with  all  electro-chemical  work,  whether  plating, 
typing,  or  charging  accumulators,  there  is  necessarily  much 
sparking,  unless  the  fluctuations  of  the  current  are  reduced  to 
a  minimum  by  employing  a  many-part  armature  with  a  proper 
collector.  The  largest  Elmore  dynamos,  for  copper  refining, 
had  eighteen  electromagnets  in  each  crown,  and  yielded  a 
current  of  3000  amperes  at  a  potential  of  seven  to  eight  volts. 
Such  a  machine  would  deposit  over  25  lbs.  of  copper  per  hour. 
The  field-magnet  coils  are  in  series  with  the  main  circuit. 
This  is  a  mistake.  All  electroplating  dynamos  should  be 
shunt-wound  or  they  are  liable  to  reverse.  Gramme  in  1873 
built  special  forms  of  very  low  resistance  with  strip-wound 
armatures  having  a  commutator  at  each  end,  and  giving  i  Scxd 
amperes  at  8  volts.  Siemens  and  Halske  also  were  early  in 
the  field  with  machines  having   bar  armatures,  which   they 
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employed  at  their  electrolytic  works  at  Oker.^  Brush  also 
constructed  machines  of  low  resistance  for  electroplating  pur- 
poses. It  was  for  this  type  of  machine  that  Brush  made  the 
important  invention  of  exciting  the  field-magnets  with  a  com- 
pound winding ;  coarse  wire  coils  being  connected  in  series, 
with  the  addition  of  a  so-called  **  teazer  "  coil  of  finer  wire- 
in  other  words,  a  shunt  winding — to  maintain  the  magnetism 
when  the  main  circuit  was  opened,  thus  enabling  the  machine 
to  do  cither  a  large  or  a  small  amount  of  work  without  fear  of 
reversing  the  current  The  potential  at  the  terminals  of  this 
machine  is  fairly  constant.  It  varied  only  from  3*3  to  4*1 
volts,  whilst  the  current  varied  from  300  amperes  to  zero. 

Other  dynamos  have  been  designed  for  electroplating  and 
electro-metallurgical  work  by  nearly  all  the  important  manu- 
facturers. 

An  El  well-Parker  depositing  dynamo*  gave  1500  amperes  at  50 
volts  at  450  revolutions  per  minute;  a  4-pole  shunt-wound  drum 
machine  with  80  stranded  conductors,  each  of  o*  2  square  inch  section, 
on  the  drum,  and  a  40-part  commutator.  Armature  is  20  inches  long 
and  22  inches  diameter,  with  an  unusually  long  commutator.  Four 
sets  of  brushes,  five  in  each  set.  Length  of  active  conductor  1600 
inches.  At  peripheral  speed  of  2500  feet  per  minute  generates  i  volt 
for  each  8  inches  of  conductor. 

A  50  kilowatt  dynamo,  by  Paterson  and  Cooper,^  for  producbg 
bleaching  liquor  electrolytically,  gives  1200  amperes  at  42  volts. 

Another  50  kilowatt  d)mamo,  designed  by  Hopkinson  *  for  copper 
refining,  gives  1000  amperes  at  50  volts,  at  400  revolutions  per 
minute;  resistance  of  armature  o*ooi6  ohm;  commercial  efficiency 
93  per  cent ;  total  weight  5^  tons. 

A  plating  dynamo  by  Stafford  and  Eaves  *  has  solid  and  simple 
magnetic  circuit  with  one  exciting  coil  and  a  ring  armature  with 
only  eighteen  sections,  giving  150  amperes  at  6  volts  at  640  revolu- 
tions per  minute. 

In  dynamos  for  such  purposes  the  requirement  of  large 
current  and  very  low  voltage  introduces  difiSculties  into  the 
design,   for   the  voltage  cannot    be  obtained    low  enough 

*  See  EUkiroteehnische  Zeitschrtft^  iL  54. 

»  Tfu  Electruian,  xxi.  183,  1888. 

«  Ibid.,  p.  181.       *  Ihid.,  xvii.  62,  1886.       •  Ibid.,  xviii.  506,  1887. 
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without  having  either  very  few  convolutions  on  the  armature, 
or  else  a  weak  field-magnet,  or  else  a  very  slow-speed  machine. 
Slow-speed  machines  are  always  costly  in  proportion  to  their 
output.  Machines  with  weak  magnets  give  trouble  with 
sparking.  Machines  with  few  massive  conductors  and  few 
parts  in  commutator  give  trouble  in  sparking,  and  are  liable 
to  heat  from  local  eddy-currents.  A  stranded  conductor 
should  be  used,  or  several  independent  windings  (see  pp.  315 
^d  509),  all  put  in  parallel  by  brushes  of  special  thickness. 

Sayers  has  proposed  an  ingenious  device  to  enable 
currents  to  be  taken  from  a  machine  at  various  voltages. 
The  pole  surfaces  are  subdivided  by  deep  nicks,  as  in  Fig. 
363,  thus  providing  several  neutral  points  on  the  com- 
mutator at  which  brushes  may 
be    placed    without   sparking.  ^'°-  3^3- 

Thus,  for  example,  whilst  the 
potential  between  the  two  main 
brushes  may  be  10  volts,  an 
intermediate  brush  may  be 
employed  to  divide  this  into 
7i  volts  for  nickeling  and  2^ 
volts  for  silver-plating. 

Messrs.   Crompton   &   Co. 

have   devised    a     method    of 

J.  -J-         ..  ■      1      J      L  Sayers'  Dynamo  for 

dividing  the  mam  leads  be-  electroplat.no. 

tween   two    pairs    of  brushes 

touching  adjacent  bars  of  the  commutator,  and  are  thereby 

enabled  to  construct  their  plating  machines  with  fewer  parts 

in  the  armature.    The  divided  leads  from  the  dynamo  to  the 

plating  tanks   cost   no   more  than  a  single   undivided   lead 

would  do,  but  they  interpose  a  comparatively  large  resistance 

in  the  path  of  the   local  current   from    the   short-circuited 

section. 

For  the  special  purpose  of  the  aluminium  industry  several 

types  of  machines  have  been  developed.     Messrs.  Crompton 

&  Co.  built  a  very  large  2-pole  drum   machine,'  capable  of 

'  73*  Ekctrkian,  xxi.   590,   1888;  also  La  LumUre  Eleclriqut,   xix.  207, 

iSSS. 
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affording  5000  amperes  at  60  volts.  Mr.  C.  E.  L.  Brown  *  has 
made  some  6-pole  machines  for  6000  amperes  at  20  volts 
at  180  revolutions  per  minute.  The  armatures  have  each  two 
separate  windings  with  a  commutator  at  each  end,  and  at  each 
commutator  36  brushes,  arranged  in  six  sets  of  six  each.  The 
field-magnet  is  like  Fig.  131,  but  with  six  poles,  and  cast  in 
one  piece.  The  armature  is  38  inches  in  diameter  and  24 
inches  long.  The  windings  were  at  first  embedded  in  holes 
in  the  core-disks ;  but  as  troubles  arose  about  insulation,  the 
core-disks  were  turned  down,  and  the  armature  re-wound  wth 
external  conductors.  Although  there  are  as  many  brush-sets 
as  poles,  rendering  cross-connexion  of  the  windings  not  abso- 
lutely necessary,  yet  such  cross-connexions  are  added  to  ensure 
equalization  of  the  currents,  equipotential  segments  of  the 
commutator  being  internally  cross-connected  by  rings  with 
three  projecting  lugs.  Mr.  Brown  has  also  made  some  8-polc 
machines  for  an  output  of  14,000  amperes  at  30  volts. 


Numerical  Statistics  on  Electro-Metallurgy. 

The  following  data  are  useful  for  reference  in  decidini:^ 
what  the  electrical  capacity  of  a  dynamo  must  be  in  order 
that  it  may  deposit  metal  in  any  desired  quantity  : — 

Copper. 

Current       i     ampere  deposits  0*000326  grammes     per  second. 
„  I  „  „        0-01957  „  per  minute. 

I  „  „        1-1739  »  per  hour. 

„        851*8      „  „        I  kilogramme  per  hour. 

„        386*4      „  „        I  pound  per  hour. 

To  deposit  100  lbs.  of  copper  in  a  working  day  of  10  hours  will  require 
3864  amperes  of  current  flowing  all  the  time  ;  or,  if  conducted  in  ten  baths  is 
series  with  one  another,  will  require  386*4  amperes,  but  in  that  case  the  dynimo 
will  require  to  be  of  an  electromotive-force  ten  times  as  great  as  for  one  singlt-' 
large  bath.  If  electrolysis  of  the  crude  copper  solution  is  carried  on  with  carbon 
anodes,  there  will  be  required  about  1*2  volts  for  each  bath  in  series,  or,  at  most, 
15  volts  for  the  ten  baths. 


'  Li  Lumih-c  Elcctrique,  xxx.  205,  1888. 
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Silver, 

Current  of     i      ampere  deposits  4*025  grammes    per  hour. 
„        „  112*7        „  „        I  pound         per  hour. 

Gold. 

Current  of      i      ampere  deposits  2*441  grammes     per  hour. 
jr       )»  185*8        „  „        I  pound         per  hour. 

Nickel. 

Current  of      i       ampere  deposits  i  •  099  grammes     per  hour. 
„        „  412*8        „  ,,        1  pound         per  hour. 

The  following  statistics  as  to  the  various  pressures  and 
currents  required  in  various  processes  of  electro-deposition  are 
useful  for  reference  : — 


Pressure  at  Terminals  required  for  Different  Kinds 

OF  Baths. 

Volte. 

Copper  (acid  bath)        0-5  to  1-5 

„        (cyanide  bath) 3  ,,5 

Silver      0-5  „  i 

Gold        o'5  „  4 

Brass      .3  ,,5 

Iron  (steel  facing) i  „  i  *  3 

Nickel  on  iron,  steel,  copper,  with  nickel 
anode,  strike  deposit  with  5  volts,  diminish- 
ing to 1-5  „  2 

Nickel  on  iron,  steel,  copper,  with  carbon 

anode 2  ,,4 

Nickel  on  zinc       4  ,,7 

Platinnm      5  „  6 

Current  Density  for  Proper  Deposit. 

Copper  Typing-  "^^^rS^^. 

Best  quality  tough  deposit        i  •  5  to      4 

Good  and  tough  (for  cliches) 4      „     10 

Good  solid  deposit 10      ,,25 

Solid  deposit,  sandy  at  edges 25      ,*    40 

Sandy  and  granular  deposit      50      ,,100 
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Ampere  per 
zoo  sq.  inch. 


Copper  (cyanide  bath)        2      to  3 

Zinc  (for  refining)       2      „  3 

Silver i      „  3 

Gold      05  „  I 

Brass 3      ».  3"5 

Iron  (steel-facing)        o- 5.  „  i •  5 

Nickel  at  first  deposit  9  to  10  amperes 
per  100  square  inches,  diminishing  after- 
wards to     I       I,  2 


Unipolar  Dynamos. 

Those  dynamos  in  which  rotation  of  a  conductor  effects  a 
continuous  increase  in  the  number  of  lines  of  force  cut,  by  the 
device  of  arranging  one  part  of  the  conductor  to  slide  on  or 
round  the  magnet,  are  known  ^  as  unipolar  machines. 

The  earliest  machine  which  has  any  right  to  be  called  a 
dynamo  (Fig.  i,  p.  6),  namely,  the  rotating  copper  disk  of 
Faraday,  was,  in  fact,  of  this  class.  So  were  his  other 
machines  with  sliding  connexions ;  for  example,  the  copper 
cylinder  rotating  over  the  pole  of  a  magnet  (Fig.  3,  p.  7). 
Pliicker  ^  devised  another  form,  with  a  horizontally  rotating 
magnet,  having  sliding  contacts  at  the  middle  and  at  either 
end  In  1862  Mr.  S.  A.  Varley  had  a  unipolar  apparatus  with 
an  iron  magnet  rotating  in  a  vertical  frame  having  a  mercurial 
connexion  at  the  middle-point  About  1878  Dr.  Werner 
Siemens  ^  designed  a  unipolar  machine  in  which  there  were 
two  cylinders  of  copper,  both  slit  longitudinally  to  obviate 
eddy-currents,  each  of  which  rotated  round  one  pole  of  a 
U-shaped  electromagnet.  A  second  electromagnet  was  placed 
between  the  rotating  cylinders,  with  protruding  pole-pieces  of 
arching  form  which  embraced  the  cylinders  above  and  below, 

'  This  sounds  like  a  iucus  a  non  lucendo^  for  the  magnet  has  two  poles.  But 
the  name  is  derived  from  the  term  "unipolar  induction/*  which  continental 
electricians,  following  Prof.  Wul  Weber,  give  to  the  induction  of  currents  bj  the 
process  of  "  continuous  cutting/'  which  we  are  now  dealing  with.  I  do  not  adopt 
the  term,  as  it  is  needlessly  mystifying. 

*  Pogg.  Ann,,  Ixxxvii.  352,  1852. 

»  Elektrotechnische  Zeitschrift^  ii.  94,  i88i. 
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Each  cylinder,  therefore,  rotated  between  an  internal  and  an 
external  pole  of  opposite  polarity,  and  consequently  cut  the 
lines  of  force  continuously  by  sliding  upon  the  internal  pole. 
The  currents  from  this  machine  were  very  great,  but  of  only  a 
few  volts  of  electromotive-force.  To  keep  down  the  resistance, 
many  collecting  brushes  pressed  on  the  cylinders  at  each  end. 
This  dynamo  was  used  at  Oker  for  depositing  copper.  Much 
attention  has  been  paid  in  recent  years  to  machines  of  this 
type,  and  the  author  himself  designed  one  in  which  two 
Faraday  disks,  coupled  at  their  peripheries  outside  an  internal 
stationary  pole-piece,  rotate  in  a  symmetrically  uniform  field. 
Mr,  Willoughby  Smith  showed  that  if  an  iron  disk  be  used 
instead  of  a  copper  disk  a  much  more  powerful  effect  is 
obtained.  Prof.  George  Forbes  has  constructed  several 
machines  of  this  class.  Originally  he  began  by  employing  an 
iron  disk  which  rotated  between  two  cheeks  of  opposite 
polarity,  the  current  being  drawn  from  its  periphery.  He 
then  doubled  the  parts.  The  next  stage  was  to  unite  the  two 
disks  into  one  common  cylinder,  rotating  within  an  entirely 
self-contained  iron-clad  field-magnet.  For  this  reason  the 
inventor  prefers  to  call  this  type  of  dynamo  "  non-polar."  A 
rubbing  contact — for  which  purpose  Prof.  Forbes  at  one  time 
used  carbon  brushes,  and  at  another  a  number  of  springy 
strips  of  metal  foil — is  maintained  at  the  two  extremities 
of  the  periphery.  One  of  the  earlier  forms  of  machine, 
with  a  single  disk  18  inches  in  diameter,  was  stated  to  give 
31 17  amperes  at  a  potential  of  5*8  volts  when  running  at 
1 500  revolutions  per  minute.  One  of  the  later  machines,  in 
which  the  armature  is  a  cylinder  of  iron  9  inches  in  diameter, 
8  inches  long,  is  designed  to  give  a  current  of  10,000  amperes 
at  I  volt,  at  1000  revolutions  per  minute.  The  electromotive- 
force  of  such  machines  increases  as  the  square  of  the  diameter. 
Other  types  have  been  designed  by  E.  Ferraris,  E.  L.  Voice, 
Delafield,  Hummel,  and  others.  All  the  important  forms 
prior  to  1885  are  described  and  discussed  by  Uppenbom  in 
the  Centralblatt  fur  Elektrotechnik  of  that  year,  p.  324. 

Two  difficulties  seem  to  beset  this  type  of  machine,  namely, 
the  inherent  trouble  of  peripheral  collection  of  large  currents. 
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and  the  very  considerable  armature  reactions  which  accom- 
pany these  large  currents,  causing  great  fall  in  the  voltage  ^  as 
the  current  increases.  The  latter  can  only  be  obviated  by  the 
same  expedients  as  hold  good  in  all  other  types  of  dynamo, 
namely,  to  make  the  field-magnets  relatively  powerful  and 
to  counterbalance  the  reactions  by  compounding  or  over- 
compounding  the  machine  by  the  use  of  series  windings. 

The  theory  of  the  unipolar  disk-dynamo  has  been  given  by 
Sir  W.  Thomson,*  who  has  shown  that  such  a  machine  is  not 
self-exciting  except  above  a  certain  critical  speed,  dependent 
on  the  resistance  of  the  circuit.  The  latest  suggestions 
came  from  Atkinson,^  whose  machine  is  self-exciting,  and 
Mr.  C.  E.  L.  Brown  has  communicated  to  the  author  some 
results  and  drawings  of  a  unipolar  machine  built  at  die 
Oerlikon  Works,  with  a  cylinder  of  copper  rotating  between 
the  lips  of  an  iron-<:lad  electromagnet  of  cast  iron.  This 
machine  at  1200  revolutions  per  minute  worked  at  10  volts 
and  showed  hardly  any  perceptible  drop  in  voltage  when 
3000  amperes  were  taken  from  it. 

Disk-Dynamos. 

In  the  dynamos  of  this  class  the  coils  are  carried  round  to 
different  parts  of  a  magnetic  field,  such .  that  either  the  in- 
tensity differs  in  different  regions,  or  more  generally  the  lines 
of  force  run  in  opposite  directions  in  different  parts  of  the 
field.  Fig.  17  (p.  29)  illustrates  this  principle;  and  we  shall 
now  consider  how  it  is  carried  out  in  practice.  In  the  early 
machines  of  Saxton,  Clarke,  and  Stohrer,  single  pairs  of  coils 
were  mounted  so  as  to  pass  in  this  fashion  through  parts  of 
the  field  where  the  magnetic  induction  was  oppositely  directed. 
Such  a  machine  will,  therefore,  give  alternate  currents,  unless 
a  commutator  be   affixed  to  the   rotating  axis.     Niaudet's 

^  See  some  figures  given  by  Hummel  in  vol.  ii.  p.  19,  of  Kittler's  Handhuh 
der  Elektrotechnik.  \ 

*  On  a  uniform  electric  current  accumulator  {^PhiL  Mag,^  January  1 868  ;  and 
Reprint  of  Papers^  p.  325). 

•  La  Lumiire  EUctrique^  xxxv.  557,  1890. 
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Fig.  364. 


obsolete  dynamo,  which   may  be  regarded  as  a  compound 
Saxton  machine,  having  the  separate  armature  coils  united 
as  those  of  Gramme  and  Siemens  into  one  continuous  circuit, 
was  furnished  with  a  radial  collector  instead  of  a  cylindrical 
one.    In  the  Wallace-Farmer  dynamo  was  very  nearly  realized 
the  condition  of  field  of  Fig.  17,  there  being  a  pair  of  poles 
at  the  top  arranged  so  that  the  N.  faces  the   S.  pole,  and 
another  pair  at  the  bottom  where  the  S.  faces  the  N.  pole.     In 
1878  von  Hefner  Alteneck  designed  a  disk-dynamo  in  which 
the  number  of  coils  differed  by  two,  or  some  other  number, 
from  those  of  the  field,  and  with  the  employment  of  a  multiple 
bar  commutator  with  complicated  cross-connexions.     In  1881 
Hopkinson  and  Muirhead  showed  a  disk-dynamo  with  a  wave- 
winding.   In  187s  Professor  Pacinotti  devised^  a  form  of  disk- 
armature,  which  he  described  as  a  **  transversal  electromagnetic 
fly-wheel."     The  machine,  which  was 
exhibited  at   Paris   in    1881,   had  for 
field-magnet  two  electromagnets  placed 
with  their  contrary  poles  juxtaposed, 
forming,  as  shown  in  Fig,  364,  a  single 
magnetic     circuit     with     two    gaps. 
Through  these  two  gaps  passed  a  disk- 
armature,  constructed  of   radial   con- 
ductors arranged  to  cut  the    intense 
magnetic  fields.      The  electromotive- 
forces    induced    in    these    conductors 
would  on   the    one  side  be   directed 
radially  inwards,  on  the  other  radially 
outwards.     The  method  devised  by  Pacinotti  for  connecting 
the  radial  conductors  into  a  single  closed  coil  is  shown  in  Fig. 
233»  p.  338.    Another  form  was  the  obliquely-coiled  dynamo 
of  Ayrton  and  Perry  of  1882.     Another  disk-armature  was 
designed  about  the  same  time  by  Mr.  Edison  with  radial  bars, 
connected  at  the  outer  ends  by  concentric  hoops  and  at  the 
inner  by  copper  washers.    A  more  recent  form  of  the  same 
inventor  is  shown  in  Fig,  235,  p.  340.    Another  type  of  disk- 
armature  was  invented  by  Sir  W.  Thomson,  consisting  of  a 

*  Nuavo  Cimento  [3]  x.,  September  1881. 
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wheel  with  spokes  like  a  bicycle  wheel,  with  collecting 
brushes  pressing  against  opposite  ends  of  a  diameter. 
BoIIman '  devised  a  multipolar  machine,  having  a  complex 
armature  built  up  of  radial  strips  of  copper  connected  in  zig- 
zag and  joined  to  a  cross-connected  commutator.  More 
recently  machines  of  this  class  have  been  devised  by  Des- 
■  roziers,'  Robin,'  Jehl  and  Rupp,* '  and  Sayers.*  In  the 
machine  of  Jehl  and  Rupp,  which  is  brought  out  hy  the 
French  Edison  Co.,  there  are  four  pairs  of  opposing^  ptJes. 

Fig.  365. 


PULECHKO  S   DlSK-DVNAUO. 

With  24  kilogrammes  of  copper  in  the  armature,  and  running 
at  735  revolutions  per  minute,  this  machine  gives  350  amperes 
at  1 10  volts. 

'  For  deUiled  drawings  and  description,  see  CetilralblaU  Jur  Elditntakmi, 
W.  7,  1887. 

■  See  La  LimQrt  EUclripir,  xxiv.  293,  394,  snd  517,  1887 ;  zxii.  401,  18SS- 

•  Jhid.,  uxt.  544,  1887- 

*  Ihid.,  nijv.  343,   18S7.     See  also  detailed  iUuitratiou  and  detcKprion  in 
xiv.  368,  18B7  ;  and  in  Elafridan,  xix.  94,  1887. 

'  iipedfication  of  Patent,  717  of  1S87. 
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FritscMs  Disk'Dynamos. — These  dynamos  *  have  a  disk 
with  multipolar  wave-winding  with  series  grouping  for  arma- 
ture. The  interesting  constructional  feature  of  these  machines 
is  the  use  of  wrought-iron  bars,  instead  of  copper,  as  the  active 
conductors  in  the  disk.  The  commutator  is  fixed  to  the  out- 
side  of  the  disk,  with  the  brushes  trailing  against  the  periphery 
at  two  points. 

Polechko's  Dynamo. — ^This  form  ^  realizes  Sir  W.  Thomson's 
suggestion  for  a  wheel-dynamo.  The  wheel  is  i  metre  in 
diameter,  with  narrow  copper  spokes  to  rotate  in  a  narrow  gap 
between  the  pole-pieces  of  a  pair  of  electromagnets,  arranged 
to  produce  a  very  intense  narrow  magnetic  field  along  two- 
opposite  radiL  Fig.  365  shows  its  form,  and  the  arrangement 
for  collecting  the  current  from  the  periphery,  which  is  made 
up  of  320  insulated  pieces  of  copper  strongly  held  together 
by  an  insulated  steel  ring  at  the  middle  of  the  rim.  It  gave, 
at  1500  revolutions  per  minute,  a  current  of  2000  amperes  at 
25  volts ;  the  entire  machine  weighing  i  •  i  tons. 

'  See  Fritsche's  book,  Die  GUichstrom-Dynamoniaschine^  Berlin,  1889 ;  also- 
Specification  of  Britbh  Patent,  No.  13,0^  of  1887.  See  also  The  EUetrieian, 
»u-  655f  1S88  ;  also  Electrical  Review,  xxix.  472,  1891 ;  and  Electrical  Worlds 
xii.  205,  1889. 

'  Journal  de  la  SociiU  PhysicO'chimique  russe^  xxii.  135,  1890. 
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CHAPTER  XX. 

ELECTRIC  MOTORS  (CONTINUOUS  CURRENT). 

In  the  first  chapter,  the  definition  was  laid  down  that  dynamo- 
electric  machinery  meant  "  machinery  for  converting  energy 
in  the  form  of  mechanical  power  into  energy  in  the  form  oi 
•electric  currents,  or  vice  versd."  Having  dealt  with  the 
dynamo  in  its  function  as  a  generator  of  electric  currents,  we 
now  come  to  its  converse  function,  namely,  that  of  converting 
the  energy  of  electric  currents  into  the  energy  of  mechanical 
motion. 

An  electric  motor ^  or,  as  it  was  formerly  called,  an  electro- 
magnetic engine^  is  one  which  does  mechanical  work  at  the 
expense  of  electric  energy ;  and  this  is  true,  no  matter  whether 
the  magnets  which  form  the  fixed  part  of  the  machine  be 
permanent  magnets  of  steel  or  electromagnets.  In  fact,  any 
kind  of  dynamo,  whether  for  continuous  currents  or  alternating 
currents,  can  be  used  conversely  as  a  motor,  though,  as  we 
shall  see,  some  more  appropriately  than  others. 

Every  one  knows  that  a  magnet  will  attract  the  opposite 
pole  of  another  magnet,  and  will  pull  it  round.  We  know 
also  that  every  magnet  placed  in  a  magnetic  field  tends  to 
turn  round  and  set  itself  along  the  lines  of  force. 

It  is  not,  therefore,  difficult  to  understand  that  very  soon 
after  the  invention  of  the  electromagnet,  which  gave  us 
for  the  first  time  a  magnet  whose  power  was  under  control, 
a  number  of  ingenious  persons  perceived  that  it  would  be 
possible  to  construct  an  electromagnetic  engine,  in  which  an 
electromagnet,  placed  in  a  magnetic  field,  should  be  pulled 
round  ;  and,  further,  that  the  rotation  should  be  kept  up  con- 
tinuously, by  cutting  off  or  reversing  the  current  at  an  appro- 
priate moment.     As  a  matter  of  fact,  a  mere  coil  of  wire 
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carrying  a  current,  is  acted  upon  when  placed  in  the  magnetic 
field,  and  is  pulled  round  as  a  magnet  is.  On  this  very  prin- 
ciple was  constructed  the  earliest  electric  motor  of  Ritchie,. 
so  well  known  in  many  forms  as  a  stock  piece  of  electric 
apparatus,  but-little  better  in  reality  than  a  toy.  Joule"  also- 
devised  several  forms  of  electric  motor. 

A  great  step  in  advance  was  made  by  Jacobi,  who,  ini 
i8j8,  constructed  the  multipolar  machine  of  which  we  give  a 
representation  in  Fig.  366.  This  motor,  which  Jacobi  designed^ 
for  liis  electric  boat,  had  two  strong  wooden  frames,  in  each 

Fin.  366. 


jACOBi's  Electric  Motoii. 

of  which  a  dozen  electromagnets  were  fixed,  their  poles  beinj;^ 
set  alternately.  Between  them,  upon  a  wooden  disk,  was 
placed  another  set  of  electromagnets,  which,  by  the  alternate 
attraction  and  repulsion  of  the  fixed  poles,  were  kept  in  rota- 
tion ;  the  current  which  traversed  the  rotating  magnets  being 
regularly  reversed  at  the  moment  of  passing  the  poles  of  the 
fixed  magnets  by  means  of  a  commutator,  consisting,  ac- 
cording to  Jacobi's  directions,  of  four  brass-toothed  wheels 
having  pieces  of  ivory  or  wood  let  in  between  the  teeth  for 
insulation.  Jacobi's  motor  was,  in  fact,  a  very  advanced  type 
'  Amialt  af  EUctrieity,  li  ZZi.  1838  ;  aod  iv.  203,  1839. 
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*    * 
of  dynamo,  and  would,  of  course,  generate  currents  if  driven 

round  by  mechanical  power. 

A  still  earlier  rotating  apparatus,  and,  like  Ritchie's  motor, 
a  mere  toy,  was  Sturgeon's  wheel-disk,  described  in  1823.  This 
instrument,  interesting  as  being  the  forerunner  of  Faraday's 
disk  dynamo,  is  the  representative  of  a  distinctive  class  of 
machines,  namely,  those  which  have  a  sliding  contact  merely, 
and  need  no  commutator. 

Another  class  of  motors  may  be  named,  wherein  the 
moving  part,  instead  of  rotating  upon  an  axis,  is  caused  to 
oscillate  backwards  and  forwards.    Professor  Henry,  to  whom 
we  owe  so  much  in  the  early  history  of  electromagnetism, 
constructed,  in  1831,  a  motor  withi  an  oscillating  beam,  alter- 
nately drawn  backwards  and  forwards  by  the  intermittent 
action  of  an  electromagnet.    Dal*  Negro's  motor  of  1833  was 
of  this  class  ;  in  it  a  steel  rod  was  caused  to  oscillate  between 
the  poles  of  an  electromagnet,  and  caused  a  crank  to  which  it 
was  geared  to  rotate  in  consequence.    A  distinct  improve- 
ment in  this  type  of  machine  was  introduced  by  Page,  who 
employed  hollow  coils  or  bobbins    as  electromagnets,  which, 
by  their  alternate  action,  sucked  down  ir9n  cores  into  the 
coils,  and  caused  them  to  oscillate  to  and  fro.    Motors  of  this 
kind  form  an  admirable  illustration  of  one  of  the  laws  of 
electromagnetics,  first  formulated  by  Gauss,  but  developed  later 
by  Maxwell,  to  the  effect  that  a  circuit  acts  on  a  magnetic 
pole  in  such  a  way  as  to  make  the  number  of  magnetic  lines 
of  force  that  pass  through  the  circuit  a  maximum. 

Page's  suggestion  was  further  developed  by  Bourbouze, 
who  constructed  the  curious  motor  depicted  in  Fig.  367, 
which  looks  uncommonly  like  an  old  type  of  steam  engine. 
We  have  here  a  beam,  crank,  fly-wheel,  connecting-rod,  and 
even  an  eccentric  valve-gear  and  a  slide-valve.  But  for 
cylinders  we  have  four  hollow  electromagnets;  for  pistons, 
we  have  iron  cores  that  are  alternately  sucked  in  and  drawn 
out ;  and,  for  slide-valve  we  have  a  commutator,  which,  by 
dragging  a  pair  of  platinum-tipped  springs  over  a  flat  surface 
made  of  three  pieces  of  brass  separated  by  two  insulating 
strips  of  ivory,  reverses  at  every  stroke  the  direction  of  the 
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currents  in  the  coils  of  the 'electromagnets.  It  is  really  a 
very  ingenious  machine,  but,  in  point  of  efficiency,  far  behind 
all  modern  electric  motors.  Unfortunately,  it  does  not  do  to 
design  dynamo-electric  machinery  on  the  same  lines  as  steam 
en^nes. 

Fic  36;. 


Boukbouze's  Electkic  Motor. 

Yet  another  now  obsolete  class  of  electric  motors  owed  its 
existence  to  Froment,  who,  fixing  a  series  of  parallel  iron  bars 
upon  the  periphery  of  a  drum,  caused  them  to  be  attracted, 
one  after  the  other,  by  an  electromagnet  or  electromagnets, 
and  thus  procured  a  continuous  rotation. 

Lastly,  of  the  various  historical  types  of  motor  we  may 
enumerate  a  class  in  which  the  rotating  portion  is  enclosed  in 
an  eccentric  frame  of  iron,  so  that  as  it  rotates  it  gradually 
approaches  nearer.  Little  motors,  working  on  this  principle 
of  "oblique  approach,"  were  invented  by  Wheatstone,  smd 
have  long  been  used  for  spinning  Geissler  tubes,  and  other 
light  experimental  work.  More  recently,  Trouv^  and  others 
have  sought  to  embody  this  principle  in  motors  of  more 
ambitious  proportions,  but  without  securing  any  advantage  ; 
for  it  would  be  better  to  bring  the  armature  close  to  the  pole- 
pieces  of  the  6eld-magnet. 
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It  is  impossible,  within  the  limits  of  this  work,  to  deal  with 
a  tithe  of  all  the  various  stages  of  discovery  and  invention,  or 
with  many  interesting  and  curious  machines  that  have  from 
time  to  time  been  tried.  It  might  be  told  how  Page,  after 
inventing  his  machine  in  1834,  succeeded  in  1852  in  con- 
structing a  motor  of  such  a  size  that  he  was  able  to  drive  a 
circular  saw  and  a  lathe  by  it  Space  fails  to  describe  the 
electric  motor  of  Davidson,  which,  in  1842,  enabled  him  to 
propel  a  carriage,  at  the  speed  of  four  miles  an  hour,  between 
Edinburgh  and  Glasgow.  An  engine  which  was  of  10  horse- 
power was  built  in  1849,  by  Soren  Hjorth,  at  Liverpool.* 
Other  inventions  are  alluded  to  in  the  Historical  "Notes  at  the 
beginning  of  this  book.  Two  notable  steps  were  the  inven- 
tion, in  1855,  of  the  shuttle  armature  of  Siemens,  and  in  1864 
of  the  ring  armature  by  Pacinotti.  But  the  real  development 
came  after  the  commercial  introduction  of  Gramme's  dynamos 
in  1 87 1,  as  engineers  began  to  understand  how  two  of  these 
machines  could  be  used — one  as  generator,  the  other  as  motor 
— to  transmit  power  through  a  line.  The  modem  dynamo, 
with  its  distinct  organs  the  field-magnet  and  the  armature, 
has  superseded  all  the  older  types  of  motor. 

All  the  earlier  attempts  to  introduce  electric  motors  came 
to  nothing,  for  two  reasons.  Firstly,  at  that  time  there  was 
no  economical  method  of  generating  electric  currents  known ; 
secondly,  the  great  physical  law  of  the  conservation  of  energy 
was  not  fully  recognized,  and  its  all-important  bearings  upon 
the  theory  of  electric  machinery  could  not  be  foreseen. 

While  voltaic  batteries  were  the  only  available^  sources  of 
electric  currents,  economical  working  of  electric  motors  was 
hopeless ;  for  a  voltaic  battery  wherein  electric  currents  are 

'  An  excellent  account  of  the  early  forms  of  electric  motor,  both  European  and 
American,  is  to  be  found  in  Martin  and  Wetzler's  The  Electric  Motor  and  its 
Applications^  third  edition,  1891.  All  readers  interested  in  the  subject  should  also 
consult  the  papei^on  Electro'tnagnetism  as  a  Motive  Powers  by  the  late  R.  Hunt 
in  Proc,  Inst.  Crvil  Engineers^  xvi.,  April  1857,  together  with  the  discussion  that 
followed  it,  in  which  part  was  taken  by  Professor  Thomson  (now  Lord  Kelvin), 
Mr.  (now  Sir  William)  Grove,  Professor  Tyndall,  Mr.  Cowper,  Mr.  Smee,  and 
Mr.  Robert  Stephenson.  They  should  also  consult  Kapp's  T%e  Electric  Tram- 
mission  of  Power, 
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generated  by  dissolving  zinc  in  sulphuric  acid  is  a  very  ex- 
pensive source  of  power.  To  say  nothing  of  the  cost  of  the 
acid,  the  zinc — ^the  very  fuel  of  the  battery — costs  more  than 
twenty  times  as  much  as  coal,  and  is  a  far  worse  fuel ;  for 
whilst  an  ounce  of  zinc  will  evolve  heat  to  an  amount 
equivalent  to  113,000  foot-pounds  of  work/  an  ounce  of  coal 
will  furnish  the  equivalent  of  695,000  foot-pounds. 

The  fact,  however,  which  seemed  most  discouraging,  and 
which,  if  rightly  interpreted  in  accordance  with  the  law  of 
conservation  of  energy,  would  have  been  found  to  be  (on  the 
contrary)  a  most  encouraging  fact,  was  the  following  : — If  a 
galvanometer  was  placed  in  the  circuit  with  the  electric  motor 
and  the  battery,  it  was  found  that  when  the  motor  was  run- 
ning the  battery  was  unable  to  force  through  the  wires  so- 
strong  a  current  as  that  which  flowed  when  the  motor  was 
standing  still.  The  faster  the  motor  ran,  the  weaker  did  the 
current  become.  Now  there  are  only  two  causes  that  can 
stop  such  a  current  flowing  in  a  circuit ;  there  must  be  either 
an  obstructive  resistance  or  else  a  counter  electromotive-force. 
At  first,  the  common  idea  was,  that  when  the  motor  was 
spinning  round,  it  oflered  a  greater  resistance  to  the  passage 
of  the  electric  current  than  when  it  stood  still.  The  genius- 
of  Jacobi  *  enabled  him,  however,  to  discern  that  the  observed 
diminution  of  current  was  really  due  to  the  fact  that  the 
motor,  by  the  act  of  spinning  round,  began  to  work  as  a 
dynamo  on  its  own  account,  and  tended  to  set  up  a  current  ia 
the  circuit  in  the  opposite  direction  to  that  which  was  driving 
it.    The  faster  it  rotated  the  greater  was  the  counter  electro- 

'  A  oonvenint  way  of  regarding  the  economic  question  from  the  point  of  view 
of  the  cost  of  the  voltaic  battery  is  afforded  by  the  following  calculation.  Sup- 
posing the  electric  motor  to  convert  all  the  electric  energy  of  the  battery  without 
loss  into  mechanical  energy,  the  amount  of  zinc  used  per  horse-power  in  one 
hour  will  be  almost  exactly  two  pounds  divided  by  the  volts  of  electromotive- 
force  of  the  cell  employed  in  the  battery. 

'  Mtmoire  sur  rappliccttion  dt  nUctromaptHisme  cm  mauvement  des  machines, 
par  M.  H.  Jacobi  (Potsdam,  1835).  On  p.  45  of  this  memoir  Jacobi  points  out 
that  the  motor,  when  set  into  rotation  by  the  current  of  the  battery,  becomes  by 
virtue  of  its  motion  a  magneto-electric  apparatus  capable  of  generating  a  current 
in  a  counter-direction  in  the  circuit ;  and  to  this  he  rightly  attributes  the  limit  of 
uniform  speed  obtained  by  the  motor. 
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motive-force  (or  "  electromotive-force  of  reaction  ")  which  was 
developed.  In  fact,  the  theory  of  the  conservation  of  energy 
requires  that  such  a  reaction  should  exist  Joule,^  by  further 
experiment,  found  that  the  counter  electric  action  is  propor- 
tional to  the  velocity  of  rotation  and  to  the  magnetism  of  the 
magnets. 

Two  points  are  vital  to  the  right  understanding  of  the 
action  of  electric  motors :  (i)  The  propelling  drag,  (2)  the 
counter  electromotive-force.  The  first  is  that  the  real  driving- 
force  which  propels  the  revolving  armature  is  the  drag  which 
the  magnetic  field  exerts  upon  the  armattlre  wires  through 
which  the  current  is  flowing  (or,  in  the  case  of  deeply-toothed 
armatures,  on  the  protruding  teeth):  the  second  is  that  the 
revolving  armature  generates  a  counter  electromotive-force  as 
its  moving  wires  cut  the  magnetic  lines. 

The  Propelling  Drag. — In  Chapter  V.,  on  the  mechanical 
actions  in  armatures^  the  drag,  which  a  magnetic  field  exerts 
on  a  conductor  carrying  a  current,  has  been  explained,  and  cal- 
culations about  its  magnitude  given.  In  a  generator  the  drag 
acts  in  a  direction  which  opposes  the  rotation,  and  is,  in  fact,  a 
counter-force  or  reaction  against  the  driving  force.  In  a  motor 
the  drag  is  the  driving  force,  and  produces  the  rotation. 

The  Counter  Electromotive-force, — Let  it  be  remembered 
that  wherever  in  an  electric  circuit,  current  flows  through 
some  portion  of  the  circuit  in  which  there  is  an  electromotive- 
force,  the  current  will  there  either  receive  or  give  up  energy 
according  to  whether  the  electromotive-force  acts  with  the 
current  or  against  it.  This  will  be  made  clearer  by  Fig.  368, 
representing  a  circuit  in  which  there  are  a  dynamo  and  a 
motor.  Each  is  rotating  right-handedly,  and  therefore 
generates  an  electromotive-force  tending  upwards  from  the 
lower  brush  to  the  higher.  In  each  case  the  upper  brush  is 
the  positive  one.  But  in  the  dynamo,  where  energy  is  being 
supplied  to  the  circuit,  the  electromotive-force  is  in  the  same 
direction  as  the  current ;  whilst  in  the  motor  where  work  is 
being  done,  and  energy  is  leaving  the  circuit,  the  electro- 
motive-force is  in  a  direction  which  opposes  the  current. 

'  Annals  of  Electricity^  viii.  219,  1842,  and  SctentiJU  Papers^  p.  47. 
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There  ought  to  be  no  difficulty  in  understanding  that  this 
electric  reaction  is  an  essential  of  motor  working. 


We  know  that  in  the  converse  case,  when  we  are  employ- 
ing mechanical  power  to  generate  currents  by  rotating  a 
<3ynamo,  directly  wc  b^in  to  generate  currents,  that  is  to  say, 
directly  we  begin  to  do  electric  work,  it  immediately  requires 
much  more  power  to  turn  the  dynamo  than  is  the  case  when 
no  electric  work  is  being  done.  In  other  words,  there  is  an 
opposing  reaction  to  the  mechanical  force  which  we  apply 
in  order  to  do  electric  work.  An  opposing  reaction  to  a 
mechanical  force  may  be  termed  a  *'  counter-force."  When, 
on  the  other  hand,  we  apply  (by  means  of  a  voltaic  battery, 
for  example)  an  electromotive-force  to  do  mechanical  work, 
wc  find  that  here  again  there  is  an  opposing  reaction ;  and 
an  opposing  reaction  to  an  electromotive-force  is  a  "  counter 
■electromotive-force."  , 

The  experiment  of  showin^he  existence  of  this  counter 
electromotive-force  is  a  very  easy  one.  All  one  requires  is  a 
little  motor,  with  a  powerful  field-magnet,*  a  few  cells  of 
battery  of  small  internal  resistance,  and  a  galvanometer. 
magneta-machine  or  a  leiies-wound  motor  will 
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They  should  be  connected  up  in  one  circuit,  and  the  deflexion 
of  the  galvanometer  should  be  observed  when  the  motor  is 
held  fast,  and  when  it  rotates  with  small  and  large  loads.  In 
an  experiment  made  at  the  Technical  College,  Finsbury,  oi> 
an  Immisch  motor,  with  separately«excited  magnets,  the  fol- 
lowing figures  were  obtained  : — 


speed. 

Curreftt, 

Speed. 

Current, 

Revs,  per  min. 

Amperes. 

Revs,  per  min. 

Amperes. 

O 

20 

160 

7-8 

50 

l6'2 

180 

61 

100 

I2'2 

195 

51 

Apparently,  if  the  motor  had  been  helped  on  to  run  at  261^ 
revolutions  per  minute,  the  current  would  have  been  reduced 
to  zero.  The  current  of  5  •  i  amperes  was  needed  to  drive  the 
armature  against  friction  at  the  speed  of  195. 

The  existence  of  this  counter  electromotive-force  is  of  the 
Utmost  importance  in  considering  the  action  of  the  motor^ 
because  upon  the  existence  and  magnitude  of  this  counter 
electromotive-force  depends  the  degree  to  which  any  given 
motor  enables  us  to  utilize  electric  energy. that  is  supplied  to 
it  in  the  form  of  an  electric  current.  In  fact,  this  counter 
electromotive-force  is  an  absolute  and  necessary  factor  in  the 
power  of  the  motor,  just  as  much  as  the  velocity  to  which 
{ccEteris  paribus)  it  is  proportional.  Lieut.  F.  J.  Sprague  has 
made  the  suggestion  to  call  it  the  **  motor  electromotive-force," 
thereby  emphasizing  the  fact. 

In  discussing  the  dynamo  as  a  generator,  many  considera- 
tions were  pointed  out,  the  observance  of  which  would  tend 
to  improve  the  efficiency  of  such  generators.  It  is  needless 
to  say  that  many  of  these  considerations,  such  as  the  avoid- 
ance of  useless  resistances,  unnecessary  iron  masses  in  cores* 
and  the  like,  will  also  apply  to  motors.  The  freer  a  motor  is 
from  such  objections,  the  more  efficient  will  it  be.  But  the 
efficiency  of  a  motor  in  utilizing  the  energy  of  a  current 
depends  not  only  on  its  efficiency  in  itself,  but  on  another 
consideration,  namely  the  relation  between  the  electromotive- 
force  which  it  Itself  generates  when  rotating,  and  the  electro- 
motive-force   or    electric   pressure   at   which   the   current  is 
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supplied  to  it  A  motor  which  itself  in  running  generates 
only  a  low  electromotive-force  cannot,  however  well  designed, 
be  an  efficient  or  economical  motor  when  supplied  with 
currents  at  a  high  electromotive-force.  A  good  low-pressure 
steam-engine  does  not  become  more  "  efficient "  by  being 
supplied  with  high-pressure  steam.  Nor  can  a  high-pressure 
steam-engine,  however  well  constructed,  attain  a  high  effi- 
ciency when  worked  with  steam  at  low  pressures.  Analogous 
considerations  apply  to  dynamos  used  as  motqfs.  They  must 
be  supplied  with  currents  at  electromotive-forces  adapted  to 
thenL  Even  a  perfect  motor— one  without  friction  or  resist- 
ance of  any  kind — cannot  give  an  "  efficient "  or  economical 
result  if  the  law  of  efficiency  is  not  observed  in  the  conditions 
under  which  the  electric  current  is  supplied  to  it. 

Elementary  Theory  of  Electric  Motive  Power. 

It  will  be  shown,  mathematically,  that  the  efficiency  with 
which  a  perfect  motor  utilizes  the  electric  energy  of  the 
current,  depends  Upon  the  ratio  between  the  counter  electro- 
motive^force  developed  in  the  armature  of  the  motor  and  the 
electromotive-force  of  the  current  which  is  supplied  by  the 
battery.  No  motor  ever  succeeded  in  turning  into  useful  work 
the  whole  of  the  currents  that  feed  it,  for  it  is  impossible  to 
construct  machines  devoid  of  resistance,  and  whenever  resist- 
ance is  offered  to  a  current,  part  of  the  energy  of  the  current 
is  wasted  in  heating  the  wires  that  offer  the  resistance.  Let 
the  symbol  W  stand  for  the  electric  power  supplied  to  an 
electric  circuit  by  a  battery  or  dynamo  acting  as  a  source ; 
and  let  %v  stand  for  that  part  of  the  energy  which  the  motor 
takes  up  as  useful  power  from  the  circuit^    These  symbols 

^  The  sjrmbol  «r  must  be  clearly  understood  to  refer  to  the  value  of  the  work 
taken  up  by  the  motor,  as  measured  electrically.  The  whole  of  this  work  will  not 
appear  as  useful  mechanical  effect  however,  for  part  will  be  lost  by  mechanical 
fhctioii,  and  part  also  in  the  wasteful  production  of  eddy-currents  in  the  moving 
parts  of  the  motor.  What  proportion  of  w  appears  as  useful  mechanical  work 
depends  on  the  efficiency  of  the  motor  per  se^  which  we  are  not  here  considering. 
In  all  that  follows  immediately  we  shall  suppose  such  causes  of  loss  not  to  exist, 
or  the  motor  will  be  considered  as  a  perfect  motor. 
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may  stand  for  the  numbers  of  watts  respectively  supplied  and 
utilized.  All  that  part  of  the  energy  of  the  current  which  is 
not  utilized  by  the  motor,  and  transformed  into  useful  work, 
will  be  wasted  in  useless  heating  of  the  resistances.  The 
heat-loss  will  therefore  be  equal  to  W  —  «/. 

But  if  we  want  to  work  our  motor  under  the  conditions  of 
greatest  economy,  it  is  clear  that  we  must  have  as  little  heat- 
waste  as  possible ;  or,  in  symbols,  w  must  be  as  nearly  as 
possible  equal  to  W.  It  will  be  shown  mathematically  that 
the  ratio  between  the  useful  energy  thus  appropriated  and 
the  total  energy  spent,  is  equal  to  the  ratio  between  the 
counter  electromotive-force  of  the  motor  and  the  whole 
electromotive-force  of  the  battery  that  feeds  the  motor.  (As 
it  is  not  wished  here  to  complicate  general  considerations  by 
introducing  into  the  expression  for  the  efficiency  the  energy 
wasted  in  heat  in  the  field-magnet  coils  of  the  motor,  we 
here  assume  that  the  magnetism  of  the  field-magnets  is 
independently  excited.)  The  proof  will  be  given  later.  Let 
us  call  this  whole  electromotive-force  with  which  the  battery 
feeds  the  motor  S>  and  let  us  call  the  counter  electromotive- 
force  E.    Then  the  rule  is 

w       E 

But  we  may  go  one  stage  further.  If  the  motor  be  prevented 
from  turning,  the  current,  as  calculated  by  Ohm's  law, 
would  be 

If  the  resistances  of  the  circuit  are  constant,  the  current  i, 
observed  when  the  motor  is  running,  will  be  less  than  I. 
But,  from  Ohm's  law,  we  know  that 

.      S  -E 

where  R  is  the  total  resistance  of  the  circuit     Hence 

I  —  /  _^  E  __   w 
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From  which  it  appears  that  we  can  calculate  the  efficiency  at. 
which  the  motor  is  working,  by  observing  the  ratio  between 
the  fall  in  the  strength  of  the  current  and  the  original  strength. 
Now  as  this  mathematical  law  of  efficiency  has  been  known* 
for  forty  years,  it  is  strange  that,  even  in  many  of  the 
accepted  text-books,  it  was  until  lately  ignored  or  misunder- 
stood. Another  law,  discovered  by  Jacobi,  not  a  law  of 
efficiency  at  all,  but  a  law  of  maximum  work  in  a  g^ven  time, 
has  usually  been  given  instead.  A  machine  does  not  generally 
do  its  work  with  the  best  economy  when  it  works  furiously,, 
performing  the  greatest  work  in  the  least  possible  time  ;  and 
the  maximum  economy  or  efficiency  of  an  electric  motor  is. 
not  when  its  output  is  at  a  maximum.  Yet,  strange  to  say, 
it  was  common  ten  years  ago  to  find  Jacobi's  law  of  maximum- 
power  or  activity  stated  as  the  law  of  maximum  efficiency. 
Many  electricians  were  consequently  under  the  erroneous, 
impression  that  a  motor  could  never  have  a  higher  efficiency 
than  50  per  cent. ! 

The  true  law  of  efficiency  was  clearly  stated  by  Thomson  in 
1851,  and  is  recognized  in  a  paper  by  Joule  at  about  the  same  date.. 
See  also  Rankine's  Steam  Engiru,  p.  546.  Professor  Anthony,  late 
of  Cornell  University,  informs  the  author  that  he  has  taught  the 
true  law  for  the  past  fifteen  years.  Jacobi  seems  very  clearly  to 
have  understood  that  his  law  was  a  law  of  maximum  working,  but 
not  to  have  understood  that  it  was  not  a  law  of  true  economical' 
efficiency.  In  one  passage  (AnmiUs  de  Chimie  et  dc  Physique^ 
t  xzxiv.  1852,  p.  480)^  he  says : — "  Le  travail  m^canique  maximum, 
ou  pbitbt  Veffet  kcanomiquCy  n'est  nullement  coropliqu^  avec  ce  que 
M.  MuIIer  appelle  les  circonstances  sp^ifiques  des  moteurs  ^ectro- 
magndtiques."  Yet,  though  there  is  here  apparently  a  confusion 
between  the  two  very  different  laws,  in  a  preceding  part  of  the  very 
same  memoir  Jacobi  says  (p,  466)  : — "  En  divisant  la  quantity  de 
tra?ail  par  la  d^pense  (de  zinc),  on  obtient  une  expression  ti^- 
importante  dans  la  mdcanique  industrielle :  c'est  Teffet  ^conpmique, 
ou  ce  que  les  Anglais  appellent  duiyr  Here,'  again,  is  a  singular 
confiision.  The  definition  is  perfect;  but  ''effet  dconomique''  is. 
not  the  same  thing  as  the  maximum  power.  Jacobi's  law  is  not  a 
law  of  maximum  efficiency,  but  a  law  of  maximum  power ;  and  that 
is  where  the  error  creeps  in.     It  is  significant,  in  suggesting  the 
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•cause  of  this  remarkable  conflict  of  ideas,  that  throughout  this  memoir 
Jacobi  speaks  oiwork  as  being  the  product  of  force  and  velocity, 
not  of  force  and  displacement.    The  same  mistake-— common  enough 
amongst   continental  writers — is   to  be  found  in  the   accounts  of 
Jacobi's  law  given  in  Verdet's  Thiorie  Mhcaniqtu  de  la  ChaUur^  in 
Miiller's  Lehrhuch  der  Physik^  and  even  in  Wiedemann's  GcUvanismus, 
Now  the  product  of  force  and  velocity  is  not  work,  but  work  divided 
by  time,  that  is  to  say  "  power,"  or  "  rate  of  working,"  or  "  activity." 
This  may  account  for  the  widely-spread  fallacy.     Jacobi  makes 
another  curious  slip  in  the  memoir  above  alluded  to  (p.  463),  by 
supposing  that  the  strength  of  the  current  can  only  become  =  o 
when  the  motor  runs  at  an  infinite  speed.     We  all  know  now  that  the 
current  will  be  reduced  to  zero  when  the  counter  electromotive-force 
of  the  motor  equals  tliat  of  the  external  supply ;  and  if  this  is  fini  te 
the  speed  of  the  motor,  if  there  is  independent  magnetism  in  its 
magnets,  need  also  only  be  finite.     This  error — also  to  be  found  m 
Verdet — seems  to  have  thrown  the  latter  off  the  track  of  the  true 
law  of  efficiency,  and  to  have  made  him  fall  back  on  Jacobi's  law. 
In  a  paper  by  Achard  in  the  Annates  des  Mines  in  January  1879,  a 
clear  distinction  is  drawn  between  the  maximum  activity  and  the 
•efficiency  of  a  motor,  and  he  points  out  how  as  the  latter  increases 
to  a  maximum,  the  former  falls  to  zero.     In  April,  Sir  C.  W.  Siemens 
and  Sir  W.  Thomson  gave  evidence  on  electric  transmission  before  a 
Parliamentary  Committee,  the  latter  showing  that  it  was  possible  to 
transmit  21,000  HP.  through  a  copper  wire  j^inch  in  diameter,  to 
300  miles,  provided  a  potential  of  80,000  volts  was  used.     Later  in 
the  same  year  Professors  Elihu  Thomson  and  Houston,  basing  their 
remarks  upon  the  suggestions  of  Sir  W.  Thomson  and  Siemens,  pro- 
posed to   obtain  economic  results  by  connecting  in  series  several 
•dynamos  at  one  end  of  a  line,  and  several  motors  at  the  other,  so 
as  to  work  with  small  currents  and  high  electromotive-forces.    The 
advantage  of  high  voltage  in  both  dynamo  and  motor  at  the  two  ends 
of  the  line  was  never  better  or  more  clearly  put  than  by  Prof.  W.  E. 
Ayrton,  in  his  lecture  on  "  Electric  Transmission  of  Power,"  before 
the  British  Association,  in  Sheffield  in  August  1879.     These  high 
voltages  he  proposed  to  obtain  not  by  increasing  the  magnetism  but 
by  increasing  the  speed,  and  by  separate  excitation  of  both  dynamo 
and  motor.     The  gain  in  economy  by  allowing  the  motor  to  run  at 
a  high  speed  with  efficiency  increasing  as  its  speed  increases,  ?ras  also 
pointed  out  by  Dr.  AVemer  von  Siemens  in  his  address  to  the  Natur- 
forscher  meeting    in  September  1879  (see  Werner  von  Siemens 
Wissenschaftlichen  und  Technischen  Arheiten^  vol.  iL,  p.  374). 
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Jacobi's  law  concerning  the  maximum  power  of  an  electric 
motor  supplied  with  currents  from  a  source  of  given  electro- 
motive-force is  the  following : — ^The  mechanical  work  given 
out  by  a  motor  is  a  maximum  when  the  motor  is  geared  to  run 
at  such  a  speed  that  the  current  is  reduced  to  half  the  strength 
that  it  would  have  if  the  motor  was  stopped.  This,  of  course, 
implies  that  the  counter  electromotive-force  of  the  motor  is 
equal  to  half  the  electromotive-force  furnished  by  the  battery 
or  generator.  Now,  under  these  circumstances,  only  half  the 
energy  furnished  by  the  external  source  is  utilized,  the  other 
half  being  wasted  in  heating  the  circuit.  If  Jacobi's  law  was 
indeed  the  law  of  efficiency,  no  motor,  however  perfect  in 
itself,  could  convert  more  than  50  per  cent,  of  the  electric 
energry  supplied  to  it  into  actual  work. 

Dr.  Siemens,  who  first  made  us  realize  the  true  physical 
signification  of  the  mathematical  expressions  which,  until  then, 
had  been  regarded  as  mere  abstractions,  showed,  some  years 
ago,  that  a  dynamo  can  be,  in  practice,  so  used  as  to  give  out 
more  than  50  per  cent,  of  the  energy  of  the  current  It  can, 
in  fact,  work  more  efficiently  if  it  be  not  expected  to  do  its 
work  so  quickly,  while  using  so  much  current.  In  fact,  if 
the  motor  be  arranged  so  as  to  do  its  work  at  less  than  the 
maximum  rate,  by  being  geared  so  as  to  do  much  less  work 
per  revolution,  but  yet  so  as  to  run  at  a  higher  speed,  it  will 
be  more  efficient ;  that  is  to  say,  though  it  does  less  work, 
there  will  also  be  still  less  electric  energy  expended,  and  the 
ratio  of  the  useful  work  done  to  the  energy  expended  will  be 
nearer  unity  than  before.  Or,  instead  of  gearing  it  up  to  run 
fast,  we  may  gain  the  same  advantage  by  strengthening  its 
field-magnets. 

Theory  of  Motors, — If  S  be  the  electromotive-force  of  the 
mains  supplying  the  current  to  the  motor  when  the  motor  is 
at  rest,  and  i  be  the  current  which  flows  at  any  time,  the 
whole  electric  power  W  expended  in  unit  time  will  be 
expressed  in  watts,  as  the  product  of  the  whole  of  the  applied 
volts  multiplied  by  the  whole  of  the  amperes,  or : — 

(Total  watts)  W  =  S  /  =  S  ^^^~  '  f  ^0 

2  o 
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Now,  when  the  motor  is  running,  part  of  this  electric 
power  is  being  spent  in  doing  work,  and  the  remainder  is 
wasting  itself  in  heating  the  wires  of  the  circuit  The  useful 
part  may  be  similarly  ^^rltten  down,  as  the  product  of  the 
armature's  own  volts  (the  counter  electromotive-force)  and  the 
amperes,  or : — 

(Useful  watts)  ^e;  =  E  /  =  E  ^-^-^-  •  [H-] 

All  the  power  which  is  not  thus  utilized  is  wasted  in 
heating  the  resistances.     So  we  may  write : — 

Power  supplied  =  power  utilized  +  power  wasted  in  heating. 

or, 

W  =  tc;  +  watts  wasted  in  heating. 

But,  by  Joule's  law,  the  heat-waste  of  the  current  whose 

strength  is  i  running  through  resistance  R,  is  expressed  by 

the  equation 

=  /"^  R  (watts). 

Substituting  this  value  above,  we  get 

W  =  zc;  +  j'  R, 

Comparing  equation  [I.]  with  equation  [II.],  we  get  the 
following : — 

a;  _  E  (S  -  E) . 


or,  finally 


W      S  (6  -  E)  ' 


w=|-  ™ 


This  is,  in  fact,  the  mathematical  law  of  efficiency,  so  long 
misunderstood  until  Siemens  showed  its  practical  significance. 
We  may  appropriately  call  it  the  law  of  Siemens.     Here  the 

ration  =77  is  the  measure  of  the  efficiency  of  the  motor,  and 
W 

the  equation  chows  that  we  may  make  this  efficiency  as  nearly 

equal  to   unity  as  we  please,  by  so  adjusting  either  the 
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magnetism  of  the  field-magnets  or  the  speed  of  the  motor  that 
E  is  very  nearly  equal  to  (q. 

Now  the  power  utilized  is  equal  to  the  difference  between 
the  total  power  supplied  and  the  part  wasted  in  heat,  or  in 
symbols : — 

tt;  =  S  /  -  i»  R.  [IV.] 

In  order  to  find  what  value  of  i  will  give  us  the  maximum 
value  for  w  (which  is  the  work  done  by  the  motor  in  unit 
time\  we  must  take  the  differential  coefficient  and  equate  it 
to  zero.* 


aw  -^ 


T  =  S  -  2il<R  = 


o, 


whence  we  have 

But,  by  Ohm's  law,  r^  is  the  value  of  the  current  when  the 

motor  stands  still.  So  we  see  at  once  that,  to  get  maximum 
work  per  second  out  of  our  motor,  the  motor  must  run  at  such 
a  speed  as  to  bring  down  the  current  to  half  the  value  which 
it  would  have  if  the  motor  were  at  rest     In  fact,  we  here 

^  The  aigament  can  be  proven,  though  less  simply,  without  the  calculus,  as 
follows :  write  equation  [IV.]  in  the  following  form  : 

/"*  R  -  £  /  +  tt/  =  o. 

Solying  this  as  an  ordinary  quadratic  equation,  in  which  t  is  the  unknown 
quantity,  we  have 

t  —  --  _^—  —  —  • 

2R 

To  find  from  this  what  value  of  i  corresponds  to  the  greatest  value  of  w,  it  may  be 
remembered  that  a  negative  quantity  cannot  have  a  square  root,  and  that  therefore 
the  greatest  value  that  w  can  possibly  have  will  occur  when 

4Rw  =  &*, 

for  then  the  term  under  the  root  sign  will  vanish.  When  this  condition  is 
observed  it  will  follow  that 

S 
^  =  ^' 

or  the  current  will  be  reduced  to  half  its  original  value. 

202 
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prove  the  law  of  Jacobi  for  the  maximum  rate  of  doing  work. 

But  here,  since 

S  —  E       ,  S 

* 

it  follows  that 

S  —  E  =  i  Si 
or 

5m; 


& 


whence  it  follows  also  that 


W      *' 


That  is  to  say,  the  efficiency  is  but  50  per  cent,  when  the 
motor  does  its  work  at  the  maximum  rate.* 

^  It  may  be  worth  while  to  recall  a  precisely  parallel  case  that  occurs  in 

calculating  the  currents  from  a  voltaic  battery.     Every  one  is  familiar  with  the 

rule  for  grouping  a  battery  which  consists  of  a  given  number  of  cells,  that  they 

will  yield  a  maximum  current  through  a  given  external  resistance  when  so  grouped 

that  the  internal  resistance  of  the  battery  shall,  as  nearly  as  possible,  equal  the 

external  resistance.    But  this  rule,  which  is  true  for  maximum  current  (and, 

therefore,  fur  maximum  rate  of  using  up  the  zinc  of  one's  battery),  is  not  the 

case  of  greatest  economy.    For  if  external  and  internal  resistance  are  equal,  half 

the  energy  of  the  current  will  be  wasted  in  the  heat  of  the  cells,  and  half  only  will 

be  available  in  the  external  circuit    If  we  want  to  get  the  greatest  economy,  we 

should  group  our  cells  so  as  to  have  an  internal  resistance  much  less  than  the 

external.    We  shall  not  get  so  strong  a  current,  it  is  true ;  and  we  shall  use  up 

our  zincs  more  slowly  ;  but  a  far  greater  proportion  of  the  energy  will  be  expended 

usefully,  and  a  far  less  proportion  will  be  wasted  in  heating  the  battery  ceUs. 

The  maximum  economy  will,  of  course,  be  got  by  making  the  extenud  resistance 

infinitely  great  as  compared  with  the  internal  resistance.    Then  all  the  energy  of 

the  current  will  be  utilized  in  the  external  circuit,  and  none  wasted  in  the  battery- 

But  it  would  take  an  infinitely  long  time  to  get  through  a  finite  amount  of  work 

in  this  extreme  case.      The  same  kind  of  reasoning  is  strictly  applicable  to 

dynamos  used  as  generators,  the  resistance  of  the  rotating  part  of  the  drcnit  being 

the  counterpart  of  the  internal  resistance  of  the  battery  cells.    For  good  economy 

the  resistance  of  the  armature  should  be  very  low  as  compared  with  that  of  the 

external  circuit. 
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Fig.  369. 


Graphic  Representation  of  Laws  of  Motors. 

Several  graphic  constructions  have  been  suggested  to 
convey  these  facts  to  the  eye ;  one  of  these  enables  us,  in  one 
diagram,  to  exhibit  graphically  both  the  law  of  maximum 
rate  of  working,  and  the  law  of  efficiency.^ 

Let  the  vertical  line,  A  B  (Fig.  369),  represent  the  electro- 
motive-force S  of  the  electric  supply.  On  A  B  construct  a 
square  A  BCD,  of  which  let  the  dia- 
gonal B  D  be  drawn.  Now  measure  out 
from  the  point  B,  along  the  line  B  A,  the 
counter  electromotive-force  E  of  the 
motor.  The  length  of  this  quantity  will 
increase  as  the  velocity  of  the  motor 
increases.  Let  E  attain  the  value  BF. 
Let  us  inquire  what  the  actual  current 
will  be,  and  what  the  energy  of  it ;  also 
what  the  work  done  by  the  motor  is.  First  complete  the 
construction  as  follows : — Through  F  draw  F  G  H,  parallel  to 
B  C,  and  through  G  draw  K  G  L,  parallel  to  A  B,  Then  the 
actual  electromotive-force  at  work  in  the  machine  producing 
a  current  is  S  —  E,  which  may  be  represented  by  any  of  the 
lines  A  F,  K  G,  G  H,  or  L  C.      Now  the    electric   energy 

/^  —  E 
expended  per  second  is  S  ^ ;  and  since  i  =s    — ^ —  ,  it  may  be 


1 

• 

1 

1 

/ 

/ 

G 

I 

8 


R 


written  as 


g(6-E). 
R         ' 


and  the  electric  energy  utilized  by  the  motor,  measured  in 

wiUU^  is 

E  (6  -  E) 

R 

R  being  a  constant,  the  values  of  the  two  may  be  written 

respectively 

S  (S  -  E)  and  E  (S  -  E). 

'  See  paper  by  the  author  in  Uie  Philosophical  MagMitu^  Feb.  1883. 
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Now  the  area  of  the  rectangle 

A  F  H  D  =  S  (S  -  E), 

and  that  of  the  rectangle 

G  L  C  H  =  E  (S  -  E). 
TJie  ratio  of  these  two  areas  ok  the  diagram  is  the  efficiency  of  a 
perfect  motor,  under  the  condition  of  a  given  constant  electro- 
motive-force in  the  electric  supply. 

Turn  to  Fig.  370,  in  which  these  areas  are  shaded.    This 
figure  represents  a  case  where  the  motor  is  too  heavily  loaded, 
and  can  turn  only  very  slowly,  so 
Fig.  370.  that  the  counter  electromotive-force 

E  is  very  small  compared  with  S* 
Here  the  area  which  represents  the 
energy    expended,    is    very   lai^e ; 
•-E  while  that  which   represents  useful 

work  realized  in  the  motor  is  verj' 
small.    The  efficiency  is  obviously 
s    very  low.     Two-thirds  or  more  of 
the  energy  is  being  wasted  in  heat. 
(-E  So   far  we   have   assumed  that 

the  efficiency  of  a  motor  {working 
with  a  given  constant  external  electromotive-force)  is  to 
be  measured  electrically.  But  no  motor  actually  converts 
into  useful  mechanical  effect  the  whole  of  the  electric  energy 
which  it  absorbs,  since  part  of  the  enei^  is  wasted  in  friction 
and  part  in  wasteful  electro-magnetic  reactions  between  the 
stationary  and  moving  parts  of  the  motor.  What  we  are 
expressing  thus  as  useful  work  is  the  work  actually  delivered 
to  the  armature  to  drive  it.  It  is  a  mere  matter  of  good 
engineering  how  small  a  percentage  of  this  must  be  discounted 
for  friction  in  the  bearings,  eddy-currents,  hysteresis,  and  the 
like.  If,  however,  we  might  consider  the  motor  to  be  a.  perfect 
engine  {devoid  of  friction,  not  producing  wasteful  eddy- 
currents,  running  without  sound,  giving  no  sparks  at  the 
collecting-brushes,  &c.),  then  we  might  take  the  mechanical 
output  as  being  precisely  equal  to  the  actual  power  delivered 
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electrically  to  the  armature.  Such  a  "  perfect "  electric  engine 
would,  like  the  ideal  "  perfect "  heat  engine  of  Camot,  be 
perfectly  reversible.  In  Camot's  heat  engine  it  is  supposed 
that  the  whole  of  the  heat  actually  absorbed  in  the  cycle  of 
operations  is  converted  into  useful  work  ;  and  in  this  case  the 
efficiency  is  the  ratio  of  the  heat  absorbed  to  the  total  heat 
expended.  As  is  well  known,  this  efficiency  of  the  perfect 
heat  engine  can  be  expressed  as  a  function  of  two  absolute 
temperatures,  namely  those  respectively  of  the  heater  and  of 
the  refrigerator  of  the  engine.  Camot's  engine  is  also  ideally 
reversible  ;  that  is  to  say,  capable  of  reconverting  mechanical 
work  into  heat 

The  mathematical  law  of  efficiency  of  a  perfect  electric 
engine  illustrated  in  the  above  construction  is  an  equally  ideal 
case ;  and  the  efficiency  can  also  be  expressed,  when  the 
constants  of  the  case  are  given,  as  a  function  of  two  electro- 
motive-forces. We  shall  return  to  this  comparison  a  little 
later. 

The  Law  of  Maximum  Activity. 

Let  us  next  consider  the  area  G  L  C  H  of  the  dif^ram 
(Fig.  371),  which  represents  the  work  utilized  in  the  motor. 
The  value  of  this  area  will  vary  with  the  position  of  the  point 
G,  and  will  be  a  maximum  when  G  is 
midway  between  B  and  D ;  for  of  all 
rectangles  that  can  be  inscribed  in  the 
triangle   BCD,  the    square   will    have 
maximum  area  (Fig.  371).     But  if  G  is 
midway  between  B  and  D,  the  rectangle 
G  L  C  H  will  be  exactly  half  the  area  of 
the  rectangle  A  F  H  D  ;  or,  the  useful 
work  is  equal  to  half  the   energy   ex-     cbomet«c  Ii.lust«- 
pended.      When   this   is   the   case,   the         tion  of  Jacobi*s 
counter  electromotive-force  reduces  the        ^*\cti^i^."*''" 
current  to  half  the  strength  it  would  have 

if  the  motor  were  at  rest ;  which  is  Jacobi's  law  of  the  efficiency 
of  a  motor  doing  work  at  its  greatest  possible  rate.  Also  F 
*vill  be  half-way  between  B  and  A,  which  s^ifies  that  E  =  i  g. 
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Lam  of  Maximum  Efficiency, 

Again,  consider  these  two  rectangles  when  the  point  G 
moves  indefinitely  near  to  D  (Fig.  372).  We  know  from 
common  geometry  that  the  rectangle  G  L  C  H  is  equal  to  the 
rectangle  A  F  G  K.  The  area  (square)  K  G  H  D,  which  is 
the  excess  of  A  F  H  D  over  A  F  G  K,  represents  therefore 
the  electric  energy  which  is  wasted  in 
Fig,  372.  heating   the   resistances   of  the   motor. 

* *■      0      That  the  efficiency  should  be  a   maxi- 
mum the  heat-waste  must  be  a  minimum. 
*  In  Fig.  369  this  comer  square,  which 

stands  for  the  heat-waste,  was  enor- 
mous. In  Fig.  371  it  was  exactly  half 
the  energy.  In  Fig.  372  it  is  only  about 
one-eighth.  Clearly,  we  may  make  the 
Gbometric  ILLUSTRA-  hcat-wastc  as  small  as  we  please,  if  only 
TioN  OF  THE  wc  Will  takc  the  point  F  very  near  to  A. 

Law  of  Maximuu         ~,        —  .  ...  ,  , 

Efficiency.  The  efficiency  will  be  a  maximum  when 

the  heat-waste  is  a  minimum.  The 
ratio  of  the  areas  G  L  C  H  and  A  F  H  D,  which  represents  the 
efficiency,  can  therefore  only  become  equal  to  unity  when 
the  square  K  G  H  D  becomes  indefinitely  small — that  is,  when 
the  motor  runs  so  fast  that  its  counter  electromotive-force  E 
differs  from  g  by  an  indefinitely  small  quantity  only. 

It  is  also  clear  that  if  our  diagram  is  to  be  drawn  to  repre- 
sent any  given  efficiency  (for  example,  an  efficiency  of  90  per 
cent),  then  the  point  G  must  be  taken  so  that  area  G  L  C  H 
=  -^  area  A  F  H  D  ;  or,  G  must  be  -^  of  the  whole  distance 
along  from  B  towards  D.  This  involves  that  E  shall  beequal 
to  -^^  of  S,  or  that  the  motor  shall  run  so  fast  as  to  reduce 
the  current  to  -^  of  what  it  would  be  if  the  motor  were 
standing  still.  Thus  we  verify,  geometrically,  the  law  of 
maximum  efficiency.  If  there  is  leakage  in  the  line,  then,  as 
Professor  Oliver  Lodge  and  Mr.  G.  Kapp'  have  pointed  out 
this  law  will  require  modification,  for  the  higher  the  counter 
'  See  Kipp's  Eltclric  TrammusUn  ef  Energy  (l886),  p.  165. 
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electromotive-force  of   the  motor,  the  higher  will  be   the 
potential  of  the  line  and  the  greater  the  loss  by  leakage. 

Further,  if  the  motor  be  not  a  "perfect"  one,  but  one 
whose  intrinsic  efficiency,  or  efficiency  per  se,  is  known,  the 
actual  mechanical  work  performed  by  the  motor  can  be  re- 
presented on  the  diagram  by  simply  retrenching  from  the 
rectangle  G  L  C  H  the  fraction  of  work  lost  in  friction,  &c. 
Similarly,  in  the  case  where  the  electric  energy  expended  has 
been  generated  in  a  dynamo-electric  machine  whose  intrinsic 
efficiency  is  known,  the  total  mechanical  work  expended  can 
be  represented  by  adding  on  to  the  area  A  F  H  D  the  propor- 
tion spent  on  useless  friction,  &c.  To  make  the  diagram  still 
more  expressive  we  may  divide  the  area  K  G  H  D  into  slices 
proportional  to  the  several  resistances  of  the  circuit ;  and  the 
areas  of  these  several  slices  will  represent  the  heat  wasted  in 
the  respective  parts  of  the  circuit 
These  points  are  exemplified  in  Fig.  ^^^'  373- 

373>  which  represents  the  transmission 
of  power  between  two  dynamos,  each 
supposed  to  have  an  intrinsic  efficiency 
of  80  per  cent,  each  having  500  ohms 
resistance,  working  through  a  line  of 
1000  ohms  resistance,  the  electro- 
motive-force of  the   machine  used  as 

generator  being  2400  volts,  and  the  counter  electromotive- 
force  of  the  machine  used  as  motor  being  1600  volts. 

The  entire  upper  area  represents  the  total  mechanical  work 
expended.  Call  this  100.  It  is  expended  as  follows  : — 
a  ss  20,  lost  by  friction,  &c.,  in  the  generator ;  ^  =  6§,  lost  in 
heating  generator;  r=  13 J,  lost  in  heating  line-wires;  rf  = 
6|,  lost  in  heating  motor;  ^=  io§,  lost  in  friction  in  the 
motor ;  w  =  42^  is  the  percentage  realized  as  useful  mechan- 
ical work. 

When  the  mechanical  losses  are  thus  taken  into  account 
it  becomes  evident  at  once  that  the  maximum  efficiency  will 
be  at  some  value  of  E  less  than  &.  This  is  considered  further 
in  Chapter  XXVI.  on  the  Transmission  of  Power. 

It  is  now  evident  what  we  have  to  do  to  obtain  any  desired 
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percentage  of  efficiency.  Suppose  current  is  supplied  at  lOO 
volts  at  the  mains :  then  to  utilize  90  per  cent.,  we  must  employ 
as  motor  a  dynamo  which,  when  running  at  its  proper  speed 
and  output,  generates  an  electromotive- force  of  90  volts. 

We  may  now  extend  the  graphic  method  to  two  further  cases. 

Suppose  that  &  is  no  longer  taken  as  a  constant,  but  that  the 
work  to  be  done  by  the  motor  per  second  is  a  constant  For  this 
case  we  may  write  equation  [II.],  p.  562,  as 

E(S  -  E)  =wR. 

This  equation  is  graphically  represented  by  the  curve  P  H  Q 
(Fig.  374),  in  which  the  values  of  ^  are  plotted  as  abscissae  and 

Fig.  374. 


those  of  £  as  ordinates.  From  this  curve  it  is  at  once  seen  that 
there  will  be  a  certain  minimum  value  of  &  which  will  suffice  to  give 
to  the  motor  the  prescribed  amount  of  energy  per  second. .  The 
curve  is  so  drawn  that  it  passes  through  the  comer  H  of  all  the  areas 
equal  to  G  L  C  H  drawn  to  fit  under  the  diagonal  of  the  square.  Of 
these  areas,  which  represent  equal  work  done  by  the  motor,  the  one 
which  has  minimum  value  of  S  is  the  square  which  fits  to  the  apex 
of  the  curve  and  corresponds  to  the  case  where  4»  =  2  £.  This 
result,  which  was  first  pointed  out  by  Prof.  Carhart,^  is  the  converse 
of  Jacobi's  law,  and,  like  it,  involves  an  efficiency  of  only  50  per  cent 
A  much  higher  efficiency  is  obtained  when  S  and  E  are  both  greater, 
as  indicated  by  the  square  drawn  through  the  point  h. 

*  American  Journal  of  Science^  xxxi.  95,  1886. 
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Again,  suppose  that  \V,  the  work  supplied  electrically,  is 
maintained  constant ;  for  this  case  (Fig.  375)  we  may  write  equation 
[I.],  p.  561,  in  the  form 

giving  us  the  curve  T  H  S.  In  this  case  S  is  a  minimum  when  E  is 
zero,  and  all  the  work  is  wasted  in  heat ;  and  w,  the  work  of  the 
motor,  is  a  maximum  only  when  both  £  and  E  are  infinitely  great 
This  result  is  also  due  to  CarharL 

Fic,  375- 


It  only  remains  to  point  out  a  curious  contrast  that  presents 
itself  between  the  efficiency  of  a  perfect  heat  engine  and  that  of  a 
perfect  electric  engine.  We  saw  that  the  one  could  be  expressed  as 
a  function  of  two  temperatures,  whilst  the  other  could  be  expressed 
as  a  function  of  two  electromotive-forces.  But  in  the  heat  engine 
the  efficiency  is  the  greatest  when  the  difference  between  the  two 
temperatures  is  a  maximum ;  whilst  in  the  electric  engine  the 
efficiency  is  the  greatest  when  the  difference  between  the  two 
electromotive  forces  is  a  minimum.  The  two  cases  are  contrasted 
m  Figs.  376  and  377,  Fig.  376  showing  the  efficiency  of  a  heat 
engine  working  between  temperatures  T  and  t  (reckoned  from 
absolute  zero);  whilst  Fig.  377  shows  the  efficiency  of  an  electric 
engine  receiving  current  at  an  electromotive-force  S,  its  counter 
electromotive-force  being  E.  Joule's  remark,  here  illustrated,  that  an 
electric  engine  may  be  readily  made  to  be  a  far  more  efficient  engine 
than  any  steam-engine,  is  amply  justified  by  all  experience.  The 
rapid  extension  in  the  use  of  electric  motors,  large  and  small,  which 
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has  taken  place  during  the  past  few  years,  proves  that  where 
power  can  be  produced  sufficiently  cheaply  on  the  large  scale, 
either  from  natuial  sources,  such  as  water-power,  or  by  large  steam- 
engines  burning  cheap  coal,  such  power  can  be  electrically  distributed 
to  small  motors  (not  exceeding  a  few  horse-power)  with  an  economic 


Fig.  376. 


Fig.  377. 


trotted/ 


Heat' 


> 
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Heat  Engine  and  Electric  Engine  contrasted. 

result;  for  the  cost  of  erecting,  maintaining,  and  supplying  the 
electric  power  to  such  motors  is  less  than  the  cost  of  erecting, 
maintaining,  and  supplying  fuel  and  water  to  small  steam-engines 
of  equal  power. 


Speed  and  Torque  of  Motors. 

Certain  very  important  relations  subsist  between  the  condi- 
tion of  the  electric  supply  and  the  speed  and  turning-moment 
of  a  motor. 

In  Chapter  V.,  on  Mechanical  Actions  and  Reactions,  it 
was  set  forth  that  the  power  transmitted  along  a  shaft  is  the 
product  of  two  factors,  the  speed  and  the  torque  (or  turning- 
moment).  If  Q>  stands  for  the  angular  velocity  and  T  for  the 
torque,^  then 

Q)  T  =  mechanical  work  per  second,  or  power. 

Mf  n  be  the  number  of  revolutions  per  second^  then  2  fr  ft  =  m.  Also  if  F  be 
the  transmitted  pull  on  the  belt  (or  rather  the  difference  between  the  pull  in  that 
part  of  the  belt  which  is  approaching  the  driving  pulley  and  the  pull  in  that  part 
which  is  receding  from  the  driving  pulley)  in  pounds  weight,  and  r  be  the  radius 
of  the  pulley,  F  r  a=  the  turning-moment  or  torque  s=  T,  then  ••T  =  2»i»rF  = 
the  number  of  foot-pounds  per  second  trslnsiiiitted  by  the  belt.    This  may  also  be 
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This  may  be  expressed  in  watts  by  use  of  the  proper  co- 
efficient 

Now  if  E  is  the  electroniotive-force  generated  by  the 
armature,  and  i  the  current  through  it,  the  electric  energy  per 
second  in  the  armature  is  the  product ; — 

E  /  =  electric  work  per  second  (in  watts^). 

If  the  whole  of  these  four  quantities,  w,  T,  E,  and  /,  are 
armature  quantities,  strictly,  we  may  equate  the  electrical  and 
mechanical  expressions  together;  and  the  equation  will  be 
true  for  either  a  motor  or  a  generator.  In  the  generator,  E 
and  i  are  in  the  same  direction  and  T  opposes  to ;  or  there  is 
a  counter-torque.  In  the  motor,  T  and  a>  are  in  the  same 
direction,  but  E  opposes  i ;  or  there  is  a  counter-electromotive- 
force. 

In  treating  of  the  dynamo  as  a  generator,  it  was  assumed 
that  the  mechanical  power  could  be  supplied  under  one  of  the 
two  standard  conditions,  on  the  one  hand  of  constant  speed 
(and  torque  varying  with  the  electrical  output),  or  else  on  the 
other  (p.  1 7,0)  o(  constant  torque  (dXid  speed  varying  with  the 
output).  One  of  these  two  conditions  being  prescribed, 
algebraic  expressions  had  then  to  be  found  for  the  two  cor- 
responding factors  of  the  electric  output,  namely  the  electro- 
motive  force  and  the  current,  under  varying  conditions  of 
resistance  in  the  circuit.  Also  we  investigated  these  conditions 
which  would  result  in  making  one  or  other  factor  of  the  electric 


proved  as  foUows :  Horse-power  is  product  of  the  /orce  into  the  velocity.  The 
circumference  of  the  pulley  is  2  t  r,  and  it  turns  n  times  per  second,  therefore  the 
circumferential  velocity  is  2  ir  r  «,  and  this,  multiplied  by  F,  gives  the  work  per 
second.  If  F  is  expressed  in  grammes  weight,  and  r  in  centimetres,  then 
2  IT  r «  F  will  give  the  power  in  gramme-centimetres,  and  must  be  divided  by 
7 "6  X  lo*  to  bring  it  to  horse-power,  and  must  be  multiplied  by  981  x  10- '  to 
bring  it  to  watts.  If  «  is  in  radians  per  second  and  T  in  centimetre-dynes,  then 
the  product  wiU  be  in  ergs  per  second,  and  can  be  brought  to  waits  by  dividing 
by  id'. 

'  Since  i  volt  =  10?  C.G.S.  units  of  electromotive-force,  and  i  ampere  = 
10-*  C.G.S.  units  of  current,  i  watt  (or  volt-ampere)  will  be  =  lo'  C.G.S.  units 
of  work  per  second  =  10'  ergs  per  second  =  lo'  -r-  981  gramme-centimetres  per 
second. 
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output  constant.  It  was  found  convenient  to  study  the  rela- 
tion between  the  two  factors  of  output  by  the  aid  of  the 
curves  known  as  characteristics. 

Similarly,  in  treating  the  dynamo  as  a  motor,  it  will  be 
assumed  that  such  arrangements  of  electric  supply  can  be 
made  that  the  electric  power  can  be  furnished  under  one  of 
the  two  standard  conditions,  on  the  one  hand  of  constant 
potential  (and  current  varying  with  the  mechanical  output  of 
the  motor),  or  on  the  other  of  constant  current  (and  potential 
varying  with  the  mechanical  output).  One  of  these  two  con- 
ditions being  prescribed,  we  shall  then  have  to  find  algebraic 
expressions  for  the  two  corresponding  factors  of  the  mechani- 
cal output,  namely  the  speed  and  the  torque^  under  varying 
conditions  of  load  on  the  shaft.  Also,  we  shall  investigate 
what  are  the  conditions  which  will  result  in  making  one  or 
other  factor  of  the  mechanical  output  constant :  in  other  words, 
we  shall  ascertain  what  are  the  conditions  of  self-regulation  to 
make  the  motor  run  at  constant  speed  or  with  constant  torque. 
Lastly,  it  will  be  found  convenient  to  study  the  relation 
between  speed  and  torque  by  the  aid  of  curves,  which,  by 
analogy,  we  may  call  mecJianical  characteristics. 

General  Expressions  for  Torque  and  Speed. 

The  work  imparted  per  second  to  the  shaft  of  the  motor 
may  be  expressed  either  in  electrical  or  mechanical  measure. 
In  the  former  case  it  is  the  product  of  the  motor's  electro- 
motive-force (i.  e.  the  counter  electromotive-force  opposing  the 
electromotive-force  of  supply)  into  the  current  flowing  the 
armature  ;  in  the  latter  case  it  is  the  product  of  angular  speed 
into  torque.     So  we  may  write 

and  (average)  E  =  »  C  N  exactly  as  in  a  dynamo  that  is  being 
used  as  a  generator  (see  p.  211).     Hence 

2  TT  «  T  =  «  C  N  «« 
27rT  =  CN/«; 
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and  finally  the  average  value  of  the  torque  will  be 

T  =  .;^ [a]. 

From  this  it  appears  that  if  |sj  is  constant,  the  torque  is  simply 
proportional  to  the  current  in  the  armature. 

To  develop  this  expression  further,  we  must  remember 
that  i  can  be  calculated  in  terms  of  the  electromotive-force  of 
supply  S,  as  measured  at  the  terminals  of  the  machine,  and 
the  internal  resistance  of  the  circuit  through  the  armature 
part,  which  we  call  r ;  and  then 

r 
whence  it  follows  that 

27r  r 

From  this  it  follows  that  when  the  speed  becomes  so  great 
that  »  C  N  =  S,  there  will  be  no  torque.  In  fact,  when  there 
is  no  resisting  force  on  the  shaft  the  motor  runs  empty  at  its 
highest  speed,  namely,  such  as  will  make  the  counter  electro- 
motive-force as  nearly  as  possible  equal  to  the  electromotive- 
force  of  supply.  The  maximum  value  of  T,  supposing  |s| 
constant,  is  obviously  when  «  =  o. 

An  expression  for  the  speed  can  be  obtained  from  the 
preceding : 

27rTr=CNS  -  »C*N^ 

&         27rTr  r       1 

"  =  c^--aW     ■  '  •  ^'*^' 

In  equation  [a]  T  will  be  expressed  in  dyne-centimetres  if  /«  is  in  absolute 

.units  of  current  (see  p.  i8)  ;   if  4  is  given  in  amperes,  then  the  value  must  be 

divided  by  lo  if  T  is  to  be  obtained  in  dyne-centimetres,  or  by  9810  if  it  is  to  be 

obtained  in  gnunme-centimetres,  or  by  13*56  x  lO^if  the  torque  is  to  be  express^ 

in  pound-feet  (i.e.  so  many  pounds  weight  acting  at  a  radius  of  one  foot). 

In  equation  [7],  in  order  that  n  may  be  expressed  in  revolutions  per  second, 
the  value  of  6,  if  given  in  volts,  must  be  multiplied  by  10'  ;  that  of  r,  if  in  ohms, 
by  10^ ;  whilst  T  must  be  reduced  to  dyne-centimetres.  If  T  is  given  in  pound- 
feet,  its  value  must  be  multiplied  by  1*356  x  io\ 
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[Examples : — (i)  In  one  of  Brown's  4-pole  machines  used  as 
motor  0  =  368;  /„  =  275 ;  giving  250  HP.  at  500  revs,  per 
minute.  Calculate  the  number  of  magnetic  lines  that  must  go 
through  the  armature.  (2)  A  2-pole  motor  is  required  to  supply 
4  HP.  in  an  arc- light  circuit  in  which  the  current  is  kept  at  10  am- 
peres :  How  many  volts  must  it  generate  ?  Assume  N  =  2,ooo,ooo» 
and  that  the  speed  is  15  revs,  per  second,  how  many  armSiture 
conductors  must  it  have  ?] 

[The  three  equations  \a\  \fi\  and  [7]  are  true,  not  only  for 
motors,  but  for  generators,  the  &  of  the  formulae  being  in  the 
latter  case  replaced  by  e.  This  will  give  negative  values  for 
T,  the  significance  of  the  sign  being  that  the  torque  due  to 
the  action  of  the  magnetic  field  on  the  conductors  carrying 
the  armature  current  is  such  as  to  oppose  the  driving.] 

It  will  be  noticed  that  if  only  r  is  very  small,  and  N  rela- 
tively very  large,  the  second  term  may  be  neglected,  and  the 
speed  will  then  depend  on  the  first  term  only.  It  will  be  the 
smaller  as  N  is  greater  :  this  being  the  simple  converse  of  the 
corresponding  fact  that  the  more  powerful  the  magnetic  field 
the  less  need  be  the  speed  of  the  dynamo  to  give  the  desired 
output.  We  may  also  notice  that  if  N  is  constant,  the  speed 
is  proportional  to  g :  it  will  be  constant  if  the  condition  of 
supply  is  that  of  constant  potential,  but  will  be  variable  if 
&  varies.  Another  important  point  is  that,  if  a  motor  is 
to  do  its  work  at  a  slow  speed,  C  should  be  great  as  well 

as  N. 

We  must  next  inquire  how  n  and  T  are  affected  by  the 
fact  that  the  value  of  N  depends  upon  the  construction  and 
winding  of  the  field- magnet  of  the  motor,  and  by  the  condi- 
tions of  supply.  We  shall  consider  the  following  kinds  of 
machine  : — 

A.  Magneto  Motor  and  Separately-excited  Motor. 

B.  Series-wound  Motor. 

C.  Shunt-wound  Motor. 

D.  Compound-wound  Motor. 

In  each  instance  we  shall  have  to  take  into  account  the 
conditions  of  supply,  according  as  &  or  i  is  constant 
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Magneto  Motor  and  Separately-excited  Motor. 

It  IS  here  assumed  that  N  is  constant,  in  other  words,  that 
the  perturbing  reactions  of  the  armature  may  be  neglected. 
This  will  only  be  true  when  the  lead  at  brushes  is  nearly  zero, 
and  the  field-magnet  powerful.  Under  these  circumstances 
the  general  formulae  already  found  require  small  modification. 
The  only  internal  resistance  is  that  of  the  armature  r^. 

Case  (i.) :  S  constant. 

In  this  case  formula  [7]  gives  the  desired  relation,  from 
which  the  mecJianical  characteristic  may  be  plotted  out,  as  in 
Fig.  378.     It  is  a  straight  line  cutting  the  axis  of  «  at  a  point 

Fig.  378. 
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representing  to  scale  that  speed  at  which  «  C  N  =  S  ;  and  it 
slopes  downwards  at  an  angle  such  that  the  tangent  of  the 
slope  is  equal  to  2  tt  r.  -r-  C*  NS  or  is  proportional  to  the 
internal  resistance.  In  the  case  of  the  separately  excited 
motor,  increase  in  the  ejcciting  current,  strengthening  the  field, 
will  obviously  make  the  sloping  line  more  nearly  horizontal, 
as  well  as  lowering  the  speed  as  a  whole. 

If  we  attempt  to  take  into  account  the  reactions  of  the 
armature,  we  must  remember  that  the  effect  of  the  armature 
current  is  to  demagnetize,  if  there  is  a  backward  lead,  and  to 
magnetize  if  there  is  a  forward  lead.  A  backward  lead,  then, 
would  tend  to  make  the  sloping  line,  at  constant  S,  rise  and 

2  P 
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become  more  level  as  the  torque  increased,  because  it  would 
weaken  the  magnet,  and  so  let  the  speed  increase ;  whilst  a 
forward  lead  would  tend  to  make  it  slope  still  more. 

Practical  Determination  of  the  Proper  Potential  for  Given  Motor, 

Suppose  a  motor  having  a  certain  steel  magnet  and  a  certain 
armature  be  given,  and  let  it  be  required  to  determine  the  potential 
at  which  it  will  give  a  certain  speed.  Run  the  motor  on  open 
circuit  as  a  generator  at  the  given  speed,  and  observe  the  potential 
at  its  terminals.  That  is  the  number  of  volts  (q  with  which  it  must 
be  supplied. 

Case  (ii.) :  i  constant 

In  this  case,  as  reference  to  formula  [a]  shows,  the  torque 
is  constant,  being  independent  of  speed  and  of  internal  resist- 
ance. The  mechanical  characteristic  of  the  machine  under 
these  conditions  is  a  vertical  straight  line. 

Series  Motor. 

The  fundamental  equations  are  as  before,  with  the  addition 
of  the  following : — 

r^r^-k-Tr^'y 

but  now  we  may  with  advantage  introduce  the  approximate 
formula  for  the  law  of  the  electromagnet  (derived  from 
Frolich's)  given  in  Chapter  VI.,  and  write,  as  on  p.  i66,  where 
i  is  the  diacritical  current, 

N  =  N^^ 


Putting  this  value  of  N  into  the  expression  [a],  on  p.  567,  for 

C  N 
the  torque,  and  writing  for  brevity  — !-i  =  Y,  we  have 


2ir 


T  =  Yt 


i'' 


i^i 


This  relation  between  torque  and  current  is  given  graphically 
in  Fig.  379.     For  values  of  i  that  are  small  as  compared  with 
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i,  T  varies  nearly  as  i^ ;  whilst  for  large  values  of  /,  as 
magnetic  saturation  advances,  T  is  nearly  proportional  to  /• 
The  equation  may  also  be  written  in  the  quadratic  form 

T  .      T  , 


i"  - 


Fig.  379. 


the  solution  of  which  is 

2Y 


%  = 


i-w 


4Y  , 
I  +^«' 


Now  from  the  expression  given  above  we  have 


n  = 


rv 


n  =s 


61        

2vT  "27rT' 


27rT         27rY 


and  inserting  the  value  of  i  as  above 


n=: 


.-.-4Y 


4irY 


\i+i^i+^^i>^ 


47rY' 


ji+v/ 


^  T  27rY 


To  simplify  this  hyperbolic  expression,  it  is  permissible  for 
large  values  of  T  to  neglect  the  second  term  under  the  root 
sign,  £^ving  approximately, 


n  = 


2  7rY 


4irY' 


2   P  2 
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Case  (i.)  :  S  constant. 

If  S  is  constant,  then^  as  the  last  equation  shows,  for  large 
values  of  T  the  values  of  n  are  equal  to  a  certain  constant  less 
a  quantity  proportional  to  T ;  or  the  mechanical  characteristic 
at  this  point  (when  the  magnets  are  well  saturated)  is,  for  all 
large  values  of  T,  approximately  a  straight  line  as  shown  in 

Fig.  380. 

Fig.  380. 
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Case  (ii.) :  i  constant. 

Here,  clearly,  saving  for  secondary  effects,  the  magnetiza- 
tion will  be  constant ;  hence  the  torque  will  also  be  constant, 
as  in  Fig.  3S0.  With  a  load  exceeding  a  certain  amount,  the 
motor  will  not  start;  with  a  lesser  load  it  will  race  until 
friction  and  eddy-currents  make  up  the  difference. 

The  properties  of  series-wound  motors  are  so  important 
that  we  may  pause  to  consider  them  a  little  more  fully.  We 
know  that  if  the  current  running  through  a  series  dynamo  be 
constant,  so  that  its  magnetism  is  constant,  the  electromotive- 
force  it  develops  is  almost  exactly  proportional  to  its  speed. 
It  therefore  follows  that  if  E  is  proportional  to  ©,  T  will  be 
proportional  to  /.  This  is  abundantly  verified  in  the  case  of 
series  motors  by  experiments.  When  a  Siemens  series 
dynamo  was  arranged  to  lift  a  load  of  56  lbs.  on  a  hoist,  is 
lifted  this  load  at  the  rate  of  212  feet  per  minute,  developing  a 
counter  electromotive-force  of  108 '81  volts.  The  applied 
electromotive-force  was  ill  volts,  and  the  resistance  of  the 
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circuit  was  o  •  3  ohm.  The  effective  electromotive*force  was- 
therefore  2*19  volts  and  the  current  7  •  3  amperes.  When  the 
resistance  of  the  circuit  was  increased  to  2*2  ohms,  the  speed 
fell  to  169  feet  per  minute,  the  counter  electromotive-force  to 
94'94  ;  the  effective  electromotive-force,  S  —  E,  was  there- 
fore 16 '06  volts,  and  the  current  7  •  3  amperes  as  before.  When 
4' 8  ohms  were  inserted,  the  speed  fell  to  141  feet  per  minute, 
and  E  to  76  volts ;  S  —  E  was  35  volts,  and  the  current  7*3 
amperes  as  before.  With  the  jame  load^  the  same  current, 
whatever  the  speed.  The  figures  given  on  p.  556,  relative  to 
the  Immisch  motor  also  illustrate  this  point  The  speed  of 
a  given  series-wound  motor  depends  solely  on .  the  electro- 
motive-force of  the  generator  and  on  the  resistance  of  the 
circuit 

The  fact  that  the  torque  of  a  series,  motor  depends  only 
on  the  current  is  of  advantage  in  the  application  of  motors  to 
propulsion  of  vehicles  (such  as  tram-cars)  which  at  starting 
require  for  a  few  seconds  a  power  greatly  in  excess  of  that 
needed  when  running.^  To  start,  a  large  current  must  be 
turned  on.  One  convenient  way  of  arranging  this  is  to  use 
two  motors,  coupled  habitually  in  series.  When  starting, 
they  ar^  by  moving  a  commutator,  coupled  in  parallel.  This 
doubles  the  electromotive-force  for  each,  and  at  the  same  time 
halves  the  resistance.  For  a  few  seconds  a  very  strong  current 
flows — ^much  stronger  than  that  which  the  motors  would  stand 

for  any  prolonged  work — and  so  provides  the  needful  addi- 

» 

tional  torque. 

In  the  series  motor,  when  supplied  at  constant  potential, 
E  is  not  proportional  to  the  speed,  because  the  field-magnetism 
is  not  constant,  but  falls  off  as  E  increases,  being  (if  unsatu- 
rated) nearly  proportional  to  S  —  E.  It  therefore  will  not 
run  at  a  constant  speed.  Neither  will  it  run  at  a  constant 
speed  if  supplied  with  a  constant  current 

Use  of  two  Series  Motors  in  Transmission: — It  is  known 
that  if  two  similarly-constructed  series-wound  machines 
are  used  —  one    as    generator,  the    other    as    motor  —  the 

'  See  remarks  by  E.  Hopkmson,  Proe,  Inst,  Ckdt  Engineers,  z:i.  pt.  i.  6, 
1887. 
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arrangement  is  almost  perfectly  self-regulating,  the  speed  of 
the  motor  at  the  receiving  end  being  almost  constant  if  that 
of  the  dynamo  at  the  transmitting  end  is  constant  Every 
addition  to  the  load  put  upon  the  motor,  tending  to  check 
the  speed,  causes  an  increase  of  current  to  flow,  and  so  throws 
a  proportionate  additional  work  upon  the  generator,  which  in 
turn  takes  more  power  from  the  steam-engine  to  keep  up  its 
speed.  As  we  have  shown  above,  the  torque  of  the  motor 
T2  will  depend,  in  the  given  machine,  on  the  current  alone,  and 
on  the  current  will  depend  the  torque  at  the  dynamo  Ti.  Mr. 
Kapp  has  further  shown^  how,  if  there  is  a  resistance  in  the 
line,  the  arrangement  may  still  be  made  self-regulating  by 
choosing  as  generator  and  motor  two  machines  so  wound  that, 
comparing  their  characteristics  for  the  prescribed  speeds,  the 
difference  in  their  electromotive-forces  corresponding  to  a  given 
value  of  current  shall  be  equal  to  the  electromotive-force 
requisite  to  drive  that  particular  current  through  the  resistance 
in  the  whole  circuit.  Some  further  particulars  of  series  ma- 
chines are  given  in  Chapter  XXVL,  on  Transmission  of  Power. 
The  late  Sir  C.  W.  Siemens*  drew  attention  in  1 880  to  the 
singular  properties  of  the  combination  of  a  generating  dynamo 
and  a  magneto  motor,  instancing  a  locomotive  motor  which, 
when  descending  an  incline,  quickens  its  speed  and  actually 
becomes  a  generator  of  currents,  paying  back  the  spare  power 
into  store.  He  also  remarked  how  two  trains  driven  by 
motors  running  on  the  same  pair  of  electric  rails,  tend  to 
regulate  one  another,  the  one  on  a  descending  portion  of  the 
road  transmitting  power  to  the  other,  as  though  "  connected 
by  means  of  an  invisible  rope," 

Shunt  Motor. 
The  fundamental  conditions  are  as  follows : — 

27r 

*  See  Kapp's  Electric  Transmission  of  Energy^  p;  176.* 

*  Journal  Soc.  Telegr,  Engineers^  ix.  301,  1880. 
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and,  adopting  the  appropriate  form  for  the  law  of  magnetiza- 
tion from  p.  167, 


N  =  N 


r.        & 


r:\ 


E  =  S(^i+y-r./. 


From  the  first  three  of  these  we  get 


27rV       rj^  &  +  &''' 


and,  transposing  and  writing  Y  for  C  N  -r-  2  tt, 

T     Q  -i-  &'  .  & 
'  =  ¥-— S~'^r' 

and  from  the  last  of  the  four 


"'^^IK'-^k)-'-'} 


Inserting  the  value  of  i,  we  have 

&  +  &'{     ,      r,      r.T    &  +  &' 


n  = 


2irY 


'5,    ,      r.      r.l     &±&\ 


Case  (i.) :  &  constant. 

The  last  equation  shows  that  a  shunt>motor,  supplied  at 
constant  potential,  will  have  a  speed  that  would  be  constant 
and  independent  of  the  torque  if  it  were  not  for  internal 
resistance  ;  and  further,  that  the  consequent  falling  off  as 
the  torque  increases  will  be  the  less  as  the  field-magnetism  is 
the  more  powerful. 

As  an  example,  a  Victoria  shunt  motor  tested  by  Mr.  Mordey,  in  which  the 
load  was  varied  from  91  '8  X  10^  to  1357 '2  X  id*  dyne-centimetres,  only  decreased 
its  speed  from  16*25  to  15*75  revolutions  per  second. 

It  is  instructive  to  contrast  the  self-regulating  power  of  a 
shunt  dynamo  with  the  self-governing  power  of  a  shunt  motor. 
The  former,  when  driven  at  a  constant  speed,  generates 
electric  power  at  a  nearly  constant  potential ;  the  latter,  when 
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supplied  from  the  mains  at  a  constant  potential,  would  furnish 
mechanical  power  at  a  nearly  constant  speed ;  and  in  both 
cases  the  departure  from  absolute  constancy  is  proportional 
to  the  internal  resistance  of  the  armature  coils,  and  to  the 
output,  electrical  or  mechanical,  of  the  machine  for  the  time 
being. 

So  far  we  have  supposed  the  armature  to  exert  no  magnetic 
reaction.  Now,  as  we  shall  see,  to  obtain  sparkless  running 
there  must  be  a  backward  lead,  and  in  motors  a  backward  lead 
tends  to  demagnetize.  But  demagnetizing  tends,  as  we  have 
seen,  to  increase  the  speed  ;  hence  in  the  case  of  constant-pres- 
sure supply,  when  there  is  a  great  load,  the  very  reaction  of  the 
great  current  will  tend  to  prevent  the  speed  from  •  falling, 
making  the  shunt  motor  very  nearly  self-r^[ulating.  These 
reactions  must  now  be  considered  in  detail. 

Case  (ii.)  :  i  constant 

The  determination  of  this  case  is  more  complicated,  though 
the  general  considerations  are  simple  enough.     If  the  motor 

Fig.  381. 


n 


co*««tawt" 


0  T 
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is  standing  still  when  the  current  is  turned  on,  nearly  all  the 
current  will  go  through  the  armature,  next  to  none  through 
the  shunt ;  hence  there  will  be  little  magnetism,  and  therefore 
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almost  no  torque.  Such  a  machine  will  not  start  itself  with 
any  load  on ;  but  if  it  be  once  started,  its  counter  electro- 
motive-force will  cause  the  current  in  the  armature  to  decrease, 
whilst  that  round  the  shunt  increases.  The  torque  will  there- 
fore then  increase  with  the  speed,  but  not  indefinitely,  for  as 
the  magnetism  advances  in  its  degree  of  saturation,  the 
increase  of  N  will  no  longer  compensate  for  the  decrease  of 
ia ;  and  from  that  point  onwards  the  torque  will  decrease  if  the 
speed  is  allowed  to  increase.  And,  hypothetically,  the  speed 
should  increase  until  the  motor's  own  electromotive-force 
exactly  equals  the  dilfTerence  of  potentials  due  to  the  whole  of 
the  constant  current  flowing  through  the  resistance  of  the 
shunt,  under  which  circumstances  there  will  be  no  current 
through  the  armature  and  zero  torque.  Fig.  381,  which,  like 
the  preceding,  is  taken  from  Dr.  Frolich's  work,  gives  the 
mechanical  characteristics  for  the  two  cases. 

Reaction  between  Armature  and  Field-magnets 

IN  A  Motor. 

In  Chapter  IV.,  pp.  62  to  103,  the  reactions  between  the 
armature  and  field-magnets  of  a  dynamo  were  considered  in 
detail,  but  attention  was  confined  solely  to  that 'which  occurs 
when  the  dynamo  is  used  as  a  generator.  In  that  case  the 
current  induced  in  the  armature  coils  tended  to  magnetize 
the  armature  core  in  a  direction  nearly  at  right  angles  to  the 
direction  in  which  the  field-magnets  magnetized  it,  and  in 
consequence  there  was  a  resultant  magnetization  at  an 
oblique  angle.  This  obliquity  compelled  a  certain  angular 
lead  to  be  given  to  the  brushes  in  the  sense  of  the  rotation  ; 
and  the  necessary  result  of  the  forward  lead  of  the  brushes 
was  to  cause  the  armature  current  to  tend  partially  to  de- 
magnetize the  field-magnets.  Reference  to  Fig.  S9>  P«  76, 
will  show  that  wherever  the  brushes  are  placed  there  is  a 
tendency  to  form  corresponding  poles,  and  these  armature 
poles  tend  to  produce  in  the  iron  pole-pieces  of  the  field- 
magnets  an  opposite  polarity  to  their  own,  and  therefore  to 
weaken  or  strengthen  the  field  according  to  the  lead.    The 
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same  thing  is  true  of  a  motor ;  but  with  a  difference.  A 
current  supplied  from  an  external  source  magnetizes  the  arma* 
ture  and  makes  it  into  a  powerful  magnet,  whose  poles  would 
lie,  as  in  the  dynamo,  nearly  at  right  angles  to  the  line  joining 
the  pole-pieces,  were  it  not  for  the  fact  that  in  this  case  also 
a  lead  has  to  be  given  to  the  brushes.  Suppose,  as  in  most 
of  the  drawings  in  this  book,  that  the  S  pole  of  the  field- 
magnets  is  on  the  left,  and  the  N  pole  on  the  right.  Also 
that  the  current  so  traversed  the  armature  that  it  caused  the 
highest  point  to  be  a  S  pole  and  the  lowest  point  a  N  pole. 
This  means  that  if  the  armature  is  wound  right-handedly  the 
current  must  come  in  through  the  top  brush  and  leave  by  the 
bottom  one,  the  top  brush  being  connected  to  the  +  main. 
Compare  with  p.  64.  Clearly,  in  this  case,  the  armature 
will  rotate  right-handedly,  because  the  S  pole  at  the  top  will 
be  repelled  from  the  S  pole  on  the  left  and  attracted  toward 
the  N  pole  on  the  right  It  will  therefore  run  right-handedly 
(in  a  right-hand  field)  when  the  current  flows  downwards  from 
top  to  bottom,  exactly  as  the  armature  of  a  generator  must 
run  in  order  to  send  a  current  upwards.  In  each  case  the 
direction  of  the  induced  electromotive-force  is  the  same — 
upwards — with  the  current  in  the  dynamo,  against  the  current 
in  the  motor. 

It  follows  that  a  forward  lead  would  convert  the  cross 
magnetizing-force  into  one  that  tends  to  increase  that  of  the 
field-magnet,  whilst  a  backward  lead  tends  to  demagnetize. 
Further,  since  with  a  forward  lead  the  armature  polarity 
strengthens  that  of  the  field-magnet,  it  is  possible  for  a  motor 
to  be  worked  without  any  other  means  being  taken  to  mag- 
netize the  field-magnets,  the  armature  will  induce  a  pole  in 
the  field-magnet  and  then  attract  itself  round  towards  this 
induced  pole.  This  principle  has  been  used  for  many  years 
in  small  motors,  having  been  apparently  first  applied  by 
Wheatstone. 

The  cross-magnetizing  force  will  also  have  the  effect  of 
weakening  the  field  under  the  two  leading  pole-tips,  and  of 
strengthening  them  under  the  two  trailing  pole-tips.  This 
is  the  opposite  effect  to  that  in  a  dynamo.    In  the  motor 
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(without  lead -even)  the  cross-magnetizing  reaction  tends  to 
shift  round  the  field  in  a  sense  opposite  to  that  of  the  rotation. 
We  shall  now  see  what  are  the  conditions  for  minimum 
sparking.  Consider  (Fig,  382)  a  coil  W  ascending  on  the 
left.  The  current  in  it  is  descending  from  the  top  brush, 
whilst  it  is  itself  the  seat  of  an  electromotive  force  that  tends 
to  stop  or  reverse  its  current  Now  we  know  that  the  condi- 
tion of  non-sparking  requires  that  at  the  moment  whilst  the 

Fig.  382. 


coil  passes  under  the  brush,  and  is  short-circuited,  it  should 
be  passing  through  a  field  that  is  not  only  sufficiently  strong, 
but  one  that  tends  to  reverse  the  direction  of  its  current  It  is 
already  in  such  a  field  ;  hence  the  act  of  commutation  must 
take  place  before  it  passes  out  of  this  magnetic  field.  It  must 
be  commuted  before  it  arrives  at  the  highest  point.  In  other 
words,  a  backward  displacement  must  be  given  to  the  brushes 
if  there  is  to  be  no  sparking.  The  neutral  line  n  n'  will  there- 
fore rake  backwards  in  a  motor  into  the  fringe  of  the  magnetic 
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field.  But  since  (in  every  case)  both  eddy-currents  and 
hysteresis  tend  to  shift  the  magnetic  field  slightly  in  the 
direction  of  the  rotation — increasing  the  lead  in  a  generator, 
diminishing  it  in  a  motor — it  follows  that  the  negative  (or 
backward)  lead  in  a  motor  may  be  slightly  less  than  the 
positive  (or  forward)  lead  in  a  generator,  for  equal  flow  of 
current  and  equal  excitation.^  The  advantage  in  point  of 
weight  of  a  motor  in  which  the  armature  should  help  to  excite 
the  field-magnets,  thereby  reducing  the  power  and  weight 
of  the  latter,  led  Professors  Ayrton  and  Perry,"  in  1883,10 
advocate  designs  with  weak  field-magnets  and  powerful  arma- 
tures acting  with  a  forward  lead.  But  from  the  foregoing 
considerations  it  follows  that  if  a  forward  lead  is  given  to  the 
brushes  of  a  motor  in  order  to  get  a  more  powerful  rotation, 
the  motor  will  inevitably  spark  at  the  brushes.  The  fasci- 
nating notion  of  using  the  armature  to  magnetize  has  proved 
a  failure  in  practice.  With  a  forward  lead  the  motive  power 
relatively  to  weight  would  be  undoubtedly  larger  than  with  a 
backward  lead,  but  it  is  accompanied  by  destructive  sparking. 
Minimum  of  sparking  may  be  reconciled  with  high  efficiency, 
but  only  by  one  way.  That  way  is  to  design  and  construct 
motors  so  that  the  armature  shall  not  perturb  the  magnetic 
field  due  to  the  field-magnets.  This  can  be  accomplished 
by  following  out  the  very  same  principles  of  design  and 
construction  which  were  found  to  be  correct  guides  in  the  case 
of  dynamos  used  as  generators.  The  field-magnets  must  be 
mcLde  very  powerful  in  proportion  to  the  armature.  If  they  are, 
then  there  will  be  no  perturbations,  no  obliquity  in  the 
resultant  magnetic  field,  no  lead  to  the  brushes,  and  no 
sparking.  Only  in  the  few  cases  when  minimum  weight  is  of 
more  importance  than  high  efficiency,  can  this  rule  be  departed 
from,  and  then  it  becomes  necessary  to  take  special  means, 
such  as  providing  auxiliary  poles,  or  specially  shaped  pole- 
pieces,  to  prevent  the  sparking  which  would  follow  from 
having  small  or  weak  field-magnets. 

'  This  appears  to  be  the  exphmation  of  the  differences    otherwise  unimportant 
— observed  by  Snell ;  Journal  Inst,  Elecir.  Engineers^  xix.  194,  189a 
•  ymmal  Soc.  Telegr,  Engineers^  xii.  May  1883. 
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Mr.  Mordey,*  who  has  carefully  tracked  out  the  analogies 
between  dynamos  and  motors,  has  observed  that  in  several 
respects  it  is  even  more  important  that  the  rules  laid  down 
for  the  good  design  of  generators  should  be  observed  for 
motors.  Eddy-currents  must  be  even  more  carefully  elimi- 
nated. Also  the  greatest  attention  must  be  paid  to  proper 
mechanical  arrangements  for  transmitting  to  the  shaft  the 
forces  that  are  thrown  by  the  magnetic  field  upon  the  con- 
ducting wires  around.    See  Chapter  XIIL 

Consider  the  conditions  which  are  bound  up  in  the  dis- 
position of  the  magnetic  fields  of  the  generator  and  the  motor 
respectively.  In  one  the  armature  is  mechanically  driven 
round  while  the  magnetic  forces  in  the  field  tend  to  pull 
it  back.  In  the  other,  the  magnetic  forces  of  the  field  tend 
to  drag  it  round,  and  it  is  thereby  enabled  to  do  mechanical 
work.  In  one  case  there  is  an  opposing  mechanical  reaction 
tending  to  stop  the  steam-engine.  In  the  other  there  is  set 
up  an  .opposing  electrical  reaction  (the  induced  counter 
electromotive-force)  tending  to  stop  the  current.^  In  both 
cases  the  rotation  is  supposed  to  be  taking  place  in  the  same 
sense — ^right-handedly.  In  both  the  effect  is  to  displace  the 
lines  of  force  of  the  field,  but  in  the  generator  the  mechanical 
rotation  acts  as  if  it  dragged  the  magnetism  round,  whilst  in  the 
motor  the  reciprocal  magnetic  reactions  act  as  if  they  tried  to 
drag  round  the  armature,  producing  mechanical  rotation.  In 
the  generator  we  found  that  the  effect  of  self-induction  in  the 
armature  was  to  require  a  positive  lead.  In  the  motor,  on 
the  contrary,  the  effect  of  self-induction  is  to  necessitate  a 
negative  lead.  If  a  motor  is  set  with  no  lead,  and  if  the 
field-magnets  are  very  weak  or  are  not  excited  at  all,  it 
will  run  in  either  direction  according  as  it  may  be  started. 

>  PhU.  Mag,^  Jan.  1886. 

'  The  law  of  the  electrical  reaction  resulting  in  a  generator  from  the  mechanical 
motion  is  summed  up  in  the  well-known  law  of  Lenz,  that  the  indttced  current  is 
4ihvttys  suck  that  by  virtue  of  its  electro-magnetic  effect  it  tends  to  stop  the  motion  that 
generated  it.  In  the  converse  case  of  the  mechanical  reaction  resulting,  in  a 
motor,  from  the  flow  of  electric  energy,  it  is  easy  to  formulate  a  converse  law, 
viz.  that  the  motion  produced  is  always  such  thai  by  virtue  of  the  magnetO'Clectric 
inductions  which  it  sets  up  it  tends  to  stop  the  current. 
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If  in  a  motor  with  well-excited  field-magnet  the  current  be 
reversed  in  the  armature  part  of  the  circuit  only,  the  motor 
will  usually  reverse  its  rotation,  but  will  usually  require  the 
lead  to  be  reversed  to  run  as  sparklessly  as  before.  If,  instead 
of  reversing  the  current  in  the  armature,  the  magnetism  of  the 
field-magnet  be  reversed,  a  similar  result  will  follow.  If  both 
are  reversed  at  the  same  time,  the  motor  will  go  on  rotating 
as  if  nothing  had  happened. 

Dynamos  wound  and  connected  for  working  as  generators 
of  continuous  currents  may  be  used  in  all  cases  as  motors, 
but  with  some  difference.  A  series  dynamo  set  to  generate 
currents  when  run  right-handedly  (and  therefore  having  a 
forward  right-handed  lead),  will,  when  supplied  with  a  current 
from  an  external  source,  run  as  a  motor,  but  runs  lefl-handedly 
against  its  brushes.  To  set  it  right  for  motor  purposes  requires 
either  that  the  connexions  of  the  armature  should  be  reversed, 
or  that  those  of  the  field-magnet  should  be  reversed  (in  either 
of  which  cases  it  will  run  right-handedly),  or  else  the  brushes 
must  be  reversed  and  given  a  lead  in  the  other  direction  (in 
which  case  it  will  run  left-handedly).  A  shunt  d}mamo  set 
ready  to  work  as  a  generator  will,  when  supplied  with  current, 
run  as  a  motor  in  the  same  direction  as  it  ran  as  a  generator ; 
for  if  the  current  in  the  armature  part  is  in  the  same  direction 
as  before,  that  in  the  shunt  is  reversed,  and  vice  versd.  A 
compound-wound  dynamo,  set  right  to  run  as  a  generator 
will  run  as  a  motor  in  the  reverse  sense,  against  its  brushes  if 
the  series  part  be  more  powerful  than  the  shunt,  and  with 
its  brushes  if  the  shunt  part  be  the  more  powerful.  If  the 
connexions  are  such  (as  in  compound  dynamos)  that  the  field- 
magnet  receives  the  sum  of  the  effects  of  the  shunt  and  series 
windings  when  used  as  a  generator,  then  it  will  receive  the 
difference  between  them  when  used  as  a  motor.  There  are 
certain  advantages  in  using  a  differentially-wound  motor,  as 
will  appear  hereafter. 

The  subject  of  alternate-current  machines  as  motors  is 
treated  separately  in  Chapter  XXIV. 

Reversing  Gear  for  Motors. — ^A  motor,  as  will  be  seen  from 
the  preceding  discussion,   can  be  reversed  by  the    operation  of 
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reversing  the  current  through  the  armature,  and  at  the  same  moment 
reversing  the  lead.  But  reversing  the  current  can  also  be  accom- 
plished by  rotating  the  brushes  through  i8o°.  Consequently  both, 
these  actions  may  be  accomplished  by  the  single  operatiori  of 
advancing  the  brushes  through  i8o°-2<^,  where  <^  is  the  original 
angle  of  lead.  But  as  the  brush  would  then  slant  in  the  wrong 
direction,  it  is  better  to  provide  a  second  set  of  brushes.  This  is, 
indeed,  Hopkinson's  method  of  reversing.    He  employs  ti»o  pairs  of 

Fig.  383. 


Reversing  Gear  for  Electric  Motor. 

brushes,  each  pair  being  capable  of  moving  about  a  common  pivot, 
so  that  either  the  pair  having  a  lead  in  one  direction,  or  the  pair 
having  a  lead  in  the  other  direction  can  be  let  down  upon  the 
collector.  A  reversing  gear,  designed  by  Mr.  A.  Reckenzaun  for  the 
motors  of  the  launch  EUctricityy  is  shown  in  Fig.  383.  In  it  there  are 
two  pairs  of  brushes ;  the  two  upper  are  fixed  to  a  common  brush- 
holder,  which  turns  on  a  pivot,  and  can  be  tilted  by  pressing  a  lever 
handle  to  right  or  to  left.  The  two  lower  brushes  are  also  fixed  to 
a  holder.  Against  each  brush-holder  presses  a  little  ebonite  roller, 
at  the  end  of  a  bent  steel  spring,  fixed  at  its  middle  to  the  handle. 
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The  result  of  this  arrangement  is  that,  by  moving  the  lever,  the 
brushes  can  be  made  to  give  a  lead  in  either  direction,  and  so  starting 
the  motor  rotating  in  either  direction.  Such  a  reversing  gear  is 
obviously  a  most  useful  adjunct  for  industrial  applications  of  motors, 
and  if  the  difficulties  of  sparking  at  the  brushes  caused  by  the  sudden 
removals  of  them  from  the  collector  be  obviated,  must  prove  much 
better  than  any  mechanical  device  to  reverse  the  motion  by  trans- 
ferring it  from  the  axle  of  the  motor  through  a  train  of  gearing  to 
some  other  axle.  One  great  advantage  of  electric  motors  is,  that 
they  can  be  easily  fixed  directly  on  the  spindle  of  the  machine  which 
they  are  to  drive ;  an  advantage  not  lightly  to  be  thrown  away. 

Another  form  of  reversing  gear  has  been  designed  by  Professors 
Ayrton  and  Perry.  It  consists  of  a  double  collar  upon  the  spindle 
of  the  motor ;  in  one,  the  inner  collar,  having  a  pin  fitting  into 
a  spiral  groove  in  the  spindle,  and  being  free  to  move  relatively 
to  the  spindle.  Any  displacement  along  the  spindle  given  to 
the  inner  collar  through  the  outer  one  causes  the  pin  in  the 
former  to  move  along  the  groove,  and  the  collar  rotates  through  a 
certain  angle.  This  collar,  in  Ayrton  and  Perry's  motor,  carries  the 
brush-holders,  and  therefore  by  rotating  alters  the  lead.  Motors 
fitted  with  this  gear  were  depicted  in  earlier  editions  of  this  work. 
Other  forms  of  reversing  gear  for  small  motors  have  been  designed 
by  the  author,  who  cuts  the  segments  of  the  collector  or  commutator 
spirally,  and  therefore  obtains  a  change  of  lead  by  simply  sliding  the 
brushes  forward  or  backward  parallel  to  the  axle  of  the  motor. 

In  Reckenzaun's  motor  the  reversing  gear  consists  of  two  pairs 
of  brushes  which  are  mounted  so  as  to  slide  on  guides  or  ways ; 
reversal  being  accomplished  by  shifting  a  lever  which  slides  forward 
one  pair  whilst  it  draws  the  other  pair  back. 

It  is  also  theoretically  possible  to  construct  a  motor  which  shall 
reverse  by  simply  reversing  the  current  in  the  armature  part ;  for  this 
end  the  pole-pieces  must  be  so  shaped  that  when  no  angular  lead  is 
given  to  the  brushes,  the  angle  between  the  diameter  of  commutation 
and  the  effective  pole  in  the  pole-piece  shall  be  that  required  for 
steady  running.  If  this  can  be  found,  then  merely  reversing  the 
polarity  of  either  part  will  reverse  the  motor. 

If  the  field-magnets  of  a  motor  are  so  powerful  relatively  to  the 
armature  that  no  lead  has  to  be  given  to  the 'brushes,  the  rotation 
can  be  reversed  by  reversing  the  polarity  of  either  part  In  Immisch's 
larger  motors,  the  reversing-gear,  which  is  very  substantia],  removes 
one  pair  of  brushes  and  puts  down  at  the  same  diametral  points 
a  second  pair,  reversed  in  position  and  polarity. 
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The  form  of  brush  shown  in  Fig.  276  ^,  p.  381,  is  designed  by 
Hokoyd  Smith  for  motor  work,  as  it  allows  of  rotation  in  either 
direction.    So  also  do  carbon-brushes,  such  as  Fig.  277,  p.  382. 

Another  mode  of  reversing  was  suggested  by  the  author^  in 
1882.  It  is  indicated  in  Fig.  384.  It  consists  in  joining  one  of  the 
brushes  to  a  point  half-way  along  the  field-magnet  coils,  which, 

Fig.  384. 


Electric  Revsrsing  Gear  for  a  Motor. 

though  connected  across  the  mains  as  a  shunt,  must  not  be  of  very 
high  resistance.  The  current  in  the  armature  can  then  be  reversed 
by  simply  switching  the  second  brush  from  one  main  to  the  other. 
This  principle  is  used  in  Maquaire's  regulator  (Fig.  486). 


Government  of  Motors. 

It  is  extremely  important  that  electric  motors  should  be  so 
arranged  as  to  run  at  a  uniform  speed,  no  matter  what  their 
load  may  be.  For  example,  in  driving  lathes,  and  many 
other  kinds  of  machinery,  it  is  essential  that  the  speed  should 
be  regular,  and  that  the  motor  should  not  ''race"  as  soon 
as  the  stress  of  the  cutting  tool  is  removed. 

'  Speci^cation  of  Patent,  No.  5122  uf  1882. 

2   Q 
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Interruptor  Governor.  —  One  of  the  earliest  attempts  to 
secure  an  automatic  regulation  of  the  speed  was  that  of  M. 
Marcel  Deprez,  who  in  1878  applied  an  ingenious  method  of 
interrupting  the  current  at  a  perfectly  regular  rate  by  intro- 
ducing a  vibrating  brake  into  the  circuit  The  motor  employed 
had  a  simple  2-part  commutator,  whose  rotation  timed  itself 
to  the  makes-and-breaks  of  the  current.  This  method  is, 
however,  inapplicable  to  large  motors. 


Centrifugal  Governing. 

Spasmodic  Governor.  —  Another  suggestion,  equally  im- 
practicable on  the  large  scale,  was  to  adopt  a  centrifugal 
governor  to  open  the  circuit  whenever  the  motor  exceeded  a 
certain  speed.  A  motor  so  governed  runs  spasmodically  fast 
and  slow. 

Fig.  385. 


Automatic  Centrifugal  Governor. 


It  is  also  possible  for  a  centrifugal  governor  to  be  employed 
to  vary  the  resistance  of  a  part  of  the  circuit ;  for  example,  Ko 
work  an  automatic  adjustment  to  shunt  part  of  the  current 
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of  a  series  machine  from  its  field-magnets,  or  to  introduce 
additional  resistance  into  the  field-magnet  coils  of  a  shunt- 
wound  machine,  in  proportion  to  the  speed.  A  case  is  shown 
in  Fig.  385,  in  which  a  centrifugal  governor  driven  by  the 
motor  alters  the  number  of  exciting  coils  in  the  field-magnet 
circuit,  causing  the  magnetism  to  increase  if  tbe  motor  runs 
too  fast,  and  so  brings  down  the  speed  again.  This  method 
was  proposed  by  Brush,  and  answers  well  for  motors  in  arc- 
light  circuits. 

•  

Periodic  Governor, — Professors  Ayrton  and  Perry  have 
also  proposed  several  forms  of  "  periodic  *'  centrifugal  governor, 
a  device  by  which  in  every  revolution  power  is  supplied  during 
a  portion  of  the  revolution  only,  the  proportion  of  the  time  in 
every  revolution  during  which  the  power  is  supplied  being 
made  to  vary  according  to  the  speed.  The  main  difficulty 
with  such  governors  is  to  prevent  sparking.  But  there  is 
a  still  more  radical  defect  in  all  centrifugal  governors  l 
they  all  work  too  late.  They  do  not  perform  their  functions 
until  the  speed  has  changed.  The  perfect  governor  will  not 
wait  for  the  speed  to  change. 


Dynamometric  Governing. 

The  author  devised  *  another  kind  of  governor  which  is 
not  open  to  this  objection.  He  proposed  to  employ  a  dyna- 
mometer on  the  shaft  of  the  motor  to  actuate  a  regulating 
apparatus,  consisting,  either  of  a  periodic  regulator  to  shunt 
or  interrupt  the  current  during  a  portion  of  each  revolution,  or 
of  an  adjustable  resistance  connected  in  part  of  the  circuit 
The  dynamometric  part  may  take  the  form  of  a  belt  dynamo- 
meter (such  as  Alteneck's)  or  of  a  pulley  dynamometer  (such 
as  Morin's  or  Smith's).  In  the  latter  case,  which  is  the  more 
convenient,  a  loose  pulley  runs  on  the  motor  shaft  and  is  con- 
nected by  a  spring  arrangement  with  a  fixed  pulley.  The 
rotation  of  the  motor  will  drag  round  the  fixed  pulley  in 
advance  of  the  loose  pulley,  and  the  angular  advance  will  be 

*  Specification  of  Patent,  No.  1639  of  1883. 
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proportional  to  the  turning  moment  or  torque.  The  amount 
of  such  angular  advance  determines  the  action  of  the  regu- 
lating part.  The  regulator  in  this  case  is  therefore  worked, 
not  according  to  the  €peed  of  the  motor,  but  according  to  the 
load  it  is  carrying.  Any  change  in  the  load  will  instantly 
act  on  the  dynamometric  governor  before  the  speed  has  time 
to  change.  If  such  a  governor  is  purposely  over-set  it  may 
even  have  the  effect  of  causing  the  motor  to  run  faster  when 
the  load  comes  on  than  it  does  when  running  idle. 

Electric  Governing. 

Another  method  of  governing,  not  requiring  any  rotating 
parts,  has  been  proposed  by  the  authon  He  uses  as  field- 
magnets  a  double  set  of  poles,  set  at  different  angles  with 
respect  to  the  brushes  of  the  motor.  One  pair  of  magnetic 
poles,  having  a  certain  lead,  is  actuated  by  series  coils,  the 
other  pair,  having  a  different  lead,  by  shunt  coils.  When 
both  shunt  and  series  are  working,  there  will,  of  course,  be  a 
resultant  pole  having  some  intermediate  lead.  If  the  load 
of  the  motor  is  diminished  it  will  tend  to  run  faster,  increasing 
the  current  in  the  shunt  part,  decreasing  it  in  the  series  part, 
and  therefore  altering  the  effective  lead  and  preventing  the 
increase  of  speed. 

In  1880  a  motor  was  patented  by  Mr.  G.  G.  Andri  in 
which  the  field-magnets  were  wound  in  two  separate  circuits, 
one  of  thick  and  the  other  with  thin  wire,  the  current  dividing 
between  them,  and  the  armature  was  connected  as  a  bridge 
across  these  circuits  exactly  as  the  galvanometer  is  connected 
across  the  circuits  of  a  Wheatstone's  bridge.  Motors  governed 
on  this  principle  have  been  constructed,  since  1884  onwards, 
by  Lieut.  F.  J.  Sprague  ;  they  showed  remarkably  good  regu- 
lation. 

The  method  of  automatic  regulation  that  is  most  perfect 
in  theory  is  undoubtedly  that  imagined  by  Professors  Ayrton 
and  Perry,  and  expounded  in  their  paper  in  the  Journal 
of  the  Society  of  Telegraph  Engineers}     The  theory  of  self 

*  Vol.  xii.  May,  1883  ;  see  also  a  later  paper  in  PhiL  Mag^  1888. 
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regulation  propounded  by  them  demands  the  most  careful 
attention.  It  is  expounded  in  the  following  pages ;  but  the 
symbols  employed  have  the  same  meaning  as  in  the  chapters 
which  precede.  Professors  Ayrton  aind  Perry  originally 
employed  an  argument  in  which  one  part  of  the  motor  is 
regarded  as  acting  as  a  brake  to  another  part  The  author 
prefers  to  regard  the  use  of  a  shunt  winding  with  an  opposing 
series  winding — which  is  the  final  result  of  this  method  of 
regulation — as  simply  a  differential  winding  designed  to  pro- 
duce a  certain  result. 

Theory  of  Self-governing  Motors. 

In  the  section  on  Self-regulating  Dynamos,  on  pp.  277 
to  294,  were  set  forth  the  methods  of  solving  the  probleln 
how  to  arrange  a  dynamo  so  that  it  shall  feed  the  circuit 
with  electric  energy  under  the  condition  of  a  constant  poten- 
tial, when  driven  at  a  constant  speed.  The  solution  to  that 
problem  consisted  in  the  employment  of  certain  combinations 
for  the  field-magnets  which  gave  an  initial  magnetic  field  inde- 
pendent of  the  current  that  might  be  flowing  in  the  main 
circuit. 

Now  it  is  not  hard  to  see  that  this  problem  may  be  applied 
conversely,  and  that  motors  may  be  built  with  a  combination 
of  arrangements  for  their  field-magnets,  such  that,  when  sup- 
plied with  currents  under  the  standard  condition  of  constant 
potential  in  the  distributing  mains,  their  speed  shall  be  con- 
stant whatever  the  load.  It  will  be  evident  without  any 
numerical  calculations  that  the  windings  must  oppose  one 
another — one  must  tend  to  demagnetize  the  field  magnet, 
the  other  to  magnetize:  Take  the  case  of  a  shunt  motor 
supplied  at  a  constant  potential  S,  and  running  at  a 
certain  speed  with  a  certain  load.  If  the  load  is  suddenly 
removed  the  motor  will  begin  to  race,  its  racing  will  in- 
crease the  counter  electromotive-force  developed  and  will 
partly  cut  down  the  armature  current.  But  the  decrease 
of  current  will  not  be  quite  adequate  to  bring  back  the 
speed,   because   of   the   internal   resistance  of  the  armature,. 
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which  has  prevented  the  whole  enei^  of  the  armature  current 
from  being  utilized  as  work.  A  demagnetizing  series  coil  of 
appropriate  power  wound  on  the  field-magnet  will,  however, 
effect  what  is  wanted,  for  then,  with  any  reduction  of  load,  the 
corresponding  reduction  of  current  can  take  place,  the  resulting 
increase  in  the  field-magnetism  being  sufficient  to  get  the 
required  larger  counter  electromotive-force  without  any  in- 
crease in  speed.  The  combination  may,  therefore,  rightly  be 
r^arded  as  a  differential  winding.  For  constant-current 
distribution  no  method  of  compound  winding,  whether  differ- 
ential or  additive,  has  been  found  satisfactory ;  and  special 
regulators  are  employed. 

The  following  synoptical  table  contrasts  the  arrangements 
for  self-regulating  generators  with  those  of  self-governed 
motors  : — 


Generator. 

Motor. 

Given  Comtant  Speed, 

To  get  Conittmt  Speed, 

To  get  e  constant. 

Given  6  constant. 

(                              Steel  magnets. 
Initial  magnetism  Separate  excitation. 

Shunt  coils. 

I                           (Steel  magnets. 
Initial  magnetismj  Separate  excitation. 

(Shunt  coilk 

V  +  Series-regulating  coils. 

t—  Series-regulating  coils. 

In  discussing  the  theory  of  the  self-governed  motor,  we 
shall  follow  the  same  general  lines  as  in  discussing  the  theory 
of  the  self-regulating  generator,  namely,  find  an  equation 
expressing  the  desired  condition  of  constancy. 

Case  (i.) — Given :  &  constant, 

{a)  Magneto  Motor  with  Series-regulating  Coil. — Using 
the  same  notation  as  previously,  we  have  for  the  counter 
electromotive-force  developed  in  the  armature — 

E  =  «CN; 

also 

E  =  S  -  (^.  +  r  )  /. 

Now  N  is  made  up  of  two  parts,  viz. : — |sji  the  permanent 
part,  and  another  part  depending  on  the  series  coil  which  we 
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may  write  qSi ;  where  q  hsis  the  same  signification  as  on 
p.  283,  and  is  equal  to  /^ir  divided  by  ten  times  the  sum  of 
the  magnetic  reluctances.  Its  value  therefore  depends  upon 
the  permeability,  and  therefore  upon  the  degree  of  saturation 
of  the  iron  of  the  magnetic  circuit.  Reserving  this  point  for 
further  consideration,  we  may  write 

N  =  Ni  -  ?S/. 
If  we  had  written  +  instead  of  —  ,  we  should  find  the 
solution  coming  out  with  the  negative  sign,  indicating  that 
the  windings  must  be  so  arranged  that  the  current  in  the 
series  coil  circulates  in  the  negative  or  demagnetizing  sense. 
We  write  the  negative  sign,  however,  as  we  already  know  that 
this  must  be  so.  We  also  assume  at  present  that  there  are 
no  armature  reactions.  Substituting  the  value  of  N  in  the 
fundamental  equation,  we  have 

E==»(CNi-CjSO; 
and  equating  this  to  the  other  value   of  E   in  the  second 
equation  above,  we  find 

Having  thus  obtained  an   expression   for  the  speed,  we 

must  examine  the  various  parts  of  the  expression  to  see  which 

are  variable  and  which  constant,  and  so  deduce  a  relation 

which  shall  make  n  constant    Now  in  both  numerator  and 

denominator  there  are  two  terms,  the  first  of  which  is  a 

constant,  whilst  the  second  of  each  contains  the  variable  u 

A  little  consideration  will  show  that  the  fraction  cannot  have 

a  constant  value  unless  the  two  coefficients  of  the  variable  in 

the  second  terms  bear  the  same  ratio  to  one  another  as  do  the 

two  constants  which  stand  as  the  first  terms ;  or  n  cannot  be 

constant  unless 

&     __r„  +  r^ 

C  Ni""  CgS  ' 
or 

which  is  the  desired  equation  of  condition. 
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If  this  condition  be  observed  (and  it  will  be  noted  that 
the  quantity  of  series  winding  required  is  proportional,  as  in 
the  self-regulating  dynamo,  to  the  internal  resistance  of  the 
machine),  then  the  speed  will  be  constant  and  of  the  value 

&         r„  +  r^ 


n  = 


CNi       C^S 


[III.] 


From  the  first  of  these  relations  we  see  that  the  speed  at 
which  the  machine  is  thus  governed  to  run  is  the  same  speed 
as  that  at  which,  if  driven  as  a  generator  on  open  circuit,  it 
will  yield  an  electromotive-force  equal  to  that  of  the  supply 
at  the  mains.  When  running  as  an  unloaded  motor,  it  ought 
of  course  to  turn  so  fast  as  to  reduce  the  current  through  its 
armature  to  a  minimum,  which  it  can  do  by  running  at  this 
speed.  It  is  evident  that  by  making  the  permanent  part  of 
the  magnetism  strong  enough,  the  critical  speed — that  is  to 
say,  the  speed  for  which  the  motor  is  self-governing — may  be 
made  as  low  as  desired.  As  the  load  on  the  motor  is  in- 
creased, the  flow  of  current  through  the  armature  must  be 
increased,  and  this  increased  current  cannot  flow  unless  in 
some  way  the  counter  electromotive-force  of  the  armature  be 
diminished.  As  the  speed  is  to  be  kept  up,  this  is  ac- 
complished  by  the  lowering  of  the  magnetism,  which  occurs 
in  consequence  of  the  increased  current  flowing  through  the 
demagnetizing  coils.  The  quantity  denoted  by  ^,  which 
depends  on  the  permeability  of  the  iron,  ought  of  course  to 
be  taken  at  an  average  value  between  the  two  extremes 
which  it  has  at  maximum  load  and  at  zero  load.  The 
magnetism  is  a  maximum  when  the  motor  is  running  empty. 
When  the  load  is  greatest,  if  the  motor  is  running  at,  say,  80 
per  cent  efficiency,  E  will  be  80  per  cent  of  S  ;  that  is  to  say, 
N  will  be  80  per  cent  of  Ni.  It  is  between  these  limits  in 
the  magnetization  that  the  value  of  q  must  be  averaged.  It 
is  evident  from  equation  [III.]  that  if  the  motor  is  already 
provided  with  a  given  series  winding,  there  can  be  found  a 
value  of  S,  for  which  the  condition  of  self-governing  can  be 
still  fulfilled.  All  the  preceding  argument  applies  also  to 
separately-excited  motors. 
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{p)  Shunt  Motor  with  Series-regulating  Coil — This  really 
includes  two  cases :  namely,  shunt  and  long-shunt  We  take 
the  latter  case,  which  is  the  usual  one.  The  fundamental 
equations  will  now  be 

E  =  //  C  N, 

E  =  S  -  (r,  +  O  i„ 

&  =  rj,, 

N  =  y  Z  /.  —  ^  S  /«, 

From  these  we  get  successively 

E 


«  =  -^ 


C  y  Z  /,  —  C  ^  S  4  ' 


CqZi,  —  C  ^ S / 


71  = 


_  r,i,  -  (n.  +  r J  f, 
C  ^  Z  /.  —  C  y  S  2 . ' 


which  cannot  be  constant  unless  the  respective  coefficients  of 
i»  and  /.  in  the  numerator  bear  the  same  ratio  to  one  another 
as  do  the  corresponding  ones  in  the  denominator,  giving  as 
the  equation  of  condition 


'  $  'a  _2__* 

C  ^1 Z       C  ^2  s 


■»      > 


The  values  of  q  are  here  distinguished  by  suffixes  for  the 
following  reason  : — If  the  above  relation  is  fulfilled,  then  when 
the  motor  runs  with  zero  load  there  will  be  practically  no 
current  through  the  armature,  and  the  counter  electromotive- 
force  nCqxZ i,  will  be  equal  to  &.  At  this  stage  of  things, 
when  the  shunt  coil  is  in  full  work,  the  magnetism  is  at  its 
maximum,  and  qx  (which  is  proportional  inversely  to  the  total 
magnetic  resistance)  will  be  at  its  minimum  value.  On  the 
other  hand,  when  the  motor  is  driving  its  maximum  load,  the 
armature  current  (and  therefore  the  demagnetizing  effect  of 
the  reg^ating  coils)  is  at  its  maximum,  the  magnetization 
will  be  at  its  lowest  running  value,  and  q^  will  be  at  its 
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maximum.     This  being  premised,  the  equation  of  condition 
may  be  written 

^  ^«  +  ^«       ?1 

In  the  earlier  editions  of  this  work  saturation  was  left 
out  of  account,  and  the  formulae  were  only  approximate,  the 
•equation  having  the  form 

Z  r. 


S      r.  +  r« 


[IV.] 


■which  is  Ayrton  and  Perry's  rule  for  the  winding  of  the  self- 
governing  motor.  It  may  be  remarked,  however,  since  in  a 
-well-designed  motor  the  resistances  in  the  armature-drcuit 
are  very  small,  and  the  efficiency  as  a  whole  high,  the  demag- 
netizing effect  of  the  series  coils,  even  at  full  load,  need  onh* 
reduce  the  magnetization  by  a  small  percentage,  so  that  qz 
may  be  nearly  equal  to  ^x-  Moreover,  if  a  backward  lead  be 
given  to  the  brushes,  the  armature  itself  may  act  partially  a^ 
a  demagnetizing  series  coil,  and  so  compensate  for  alteration 
in  the  permeability.  It  is  quite  certain  that  motors  wound 
differentially  in  the  proportion  indicated  in  equation  [IV.] 
are  very  nearly  self-governed.  Some  excellent  motors  by 
Lieut  F.  J.  Sprague  are  wound  according  to  this  rule.  One 
very  curious  property  of  this  method  of  winding  is  as  follows : 
— Suppose  the  motor  to  be  standing  still  and  the  current 
turned  on,  the  ampere-turns  due  to  the  shunt  will  be  equal 
to  S  Z  -f-  r^  whilst  those  due  to  the  series  coil  will  be 
^  S  -r-  r.  -|-  r^ ;  and  these,  according  to  equation  [IV.],  will 
be  equal,  and  they  are  of  opposite  sign.  There  should  then 
be  no  magnetism  excited  at  all.  But  if  there  is  any  lead  at 
•the  brushes,  the  magnetizing  tendency  of  the  armature  will 
come  into  play ;  and  if  the  brushes  have  a  considerable  nega- 
tive lead,  the  effect  will  be  to  magnetize  the  fidd-magnet  in 
the  wrong  sense,  and  then  the  motor  starts  the  wrong  way. 
The  defect  might  be  remedied  by  cutting  out  the  series  coil  or 
reversing  it,  until  the  motor  has  got  up  its  speed.  The  latter 
course  is  preferable,  as  the  additional  torque  of  the-  scries 
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motor  is  of  great  advantage  in  overcoming  the  statical  resist- 
ance to  motion  experienced  at  starting. 

It  is  obvious  that  the  number  of  shunt-turns  should  theo- 
retically be  such  that  the  motor,  driven  on  open  circuit  at  the 
given  speed,  shall  generate  an  electromotive-force  equal  to  S. 

Practiced  DeterminaHon  of  the  Shunt  and  Scries  Windings^ — As 
in  the  case  of  compound  winding  of  dynamos  (p.  292)  so  for 
motors,  the  proper  windings  can  be  found  by  simple  experiments, 
a  temporary  coil  being  wound  and  separately  excited,  and  a  re- 
sistance equal  to  the  future  r.  being  added  to  the  armature  resistance. 
Two  experiments  are  required.  Run  the  motor  first  with  no  load 
at  the  brake,  using  the  proper  potential  S,  and  excite  the  tem- 
porary coil,  observing  the  number  of  ampere-turns  that  are  needful 
to  bring  the  speed  down  to  the  required  «.  The  number  of 
ampere-turns  in  this  case  is  equal  to  Z  i„  where  i,  is  the  current, 
which  economy  dictates  should  be  used  in  the  shunt.  Secondly, 
run  the  motor  with  its  fullest  load  at  the  brake,  and  again  excite 
the  field-magnet  with  such  a  number  of  ampere-turns  that  the  speed 
is  constant  at  n.  From  this  and  the  previous  experiment  S  can 
be  calculated. 

The  efEciency  of  a  differentially-wound  motor  caimot  be 
expected  to  be  as  high  as  that  of  one  which  is  non-differen- 
tially  wound,  since  the  energy  expended  in  the  former  case 
in  magnetizing  the  field-magnets  is  greater  relatively  to  the 
amount  of  magnetization  produced.  Thus,  if  the  demagne- 
tizing coil  has  a  value  in  ampere-turns  of  one-fourth  of  the 
magnetizing  coils,  the  energy  required  to  give  the  necessary 
magnetization  will  be  50  per  cent,  or  half  as  much  again  as 
in  the  case  of  simple  direct  magnetization.^ 

*  It  should  be  pointed  out  that  this  process  di£fers  fi-om  that  suggested  by 
Profenozs  Ayrton  and  Peny  in  their  paper  on  electromotors,  in  Journal  Soc, 
Tdeg.  Engineers^  May  1883.  Their  method  depends  on  the  volume  left  on  the 
bobbins  of  the  field-magnets,  which  is  assumed  to  be  constant 

*  Some  elaborate  observations  upon  compound-wound  motors,  when  worked 
vith  constant  potentials  and  constant  currents,  have  been  published  by  Dr.  Frolich 
in  the  ElektroUeknische  Zdtschrift  for  June  1885. 
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Mechanical  Characteristics  of   Compound 

Differential  Motors. 

It  ms^y  be  convenient  here  to  consider  the  graphic  repre- 
sentation of  the  regulations  between  speed  and  torque  in 
motors  provided  with  mixed  windings.* 

The  curves  for  constant-potential  supply  are  shown  in  Fig. 
386,  wherein  the  letters  S  and  Z  refer  to  series  windings  and 


Fig.  386. 


Fig.  387. 


Mechanical  Characteristics  at 
Constant  Potential. 


TO  T 

Mechanical  Characferistics 
WITH  Constant  Current. 


shunt  windings  respectively.  The  forms  of  the  curves  for 
mixed  windings  differ  somewhat  according  to  the  proportions 
of  the  two  sets  of  coils.  The  important  case  is  that  of  the 
differential  winding  marked  Z  —  S,  having  a  few  series  turns 
to  correct  the  droop  of  the  pure  shunt-winding,  and  it  will  be 
noted  that  up  to  a  certain  limit  the  speed  is  nearly  constant, 
but  that  there  is  a  maximum  value  to  the  torque.     In  the 

^  The  author  is  indebted  to  Frdlich*s  Die  DynamoeUktruche  Mcuchine  for  tbc 
curves  of  motors  with  mixed  windings.  Similar  curves  have  been  deduced  by 
Rechniewski,  see  Siances  de  la  SocUti  de  Physique^  1885,  p.  197. 
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case  of  constant-current  supply,  as  the  curves  of  Fig.  387 
show,  the  only  winding  which  gives  any  approximation  to  a 
constant  speed  is  the  differential  winding  with  large  shunt  and 
small  series  coil.  For,  as  in  the  case  of  the  constant-current 
generator,  the  variation  of  the  magnetism  has  to  be  carried 
through  an  enormous  range,  defying  any  averaging  of  the 
magnetic  permeability. 

An  elegant  graphic  method  of  treating  the  problem  of  self- 
government  of  motors  is  given  by  M.  Picou  in  La  Lumilre  Electrique, 
xxiii.  114,  1887. 


Other  Methods  of  Governing  Motors. 

A  further  suggestion  for  governing  motors  is  due  to  Mr. 
Mordey  and  Mr.  C.  Watson.  They  wind  the  armature  with 
two  windings,  having  separate  commutators.  One  winding — 
the  main  one — is  the  ordinary  armature  circuit  of  the  motor, 
and  is  supplied  with  current  from  the  external  source,  causing 
the  armature  to  revolve.  The  other  winding,  which  may  be 
called  the  regulating  armature-winding,  is  small  in  amount, 
and  is  disposed  over,  or  side  by  side  with,  the  main  motor- 
winding.  This  additional  winding  is  not  connected  to  the 
mains  or  source  of  current,  but  to  the  field-winding  by  means 
of  a  special  commutator  or  collector  and  brushes.  It  will  be 
observed  that  this  additional  armature-winding,  revolving  in 
the  field,  constitutes  a  generator  of  current.  The  regulating 
action  is  as  follows : — When  a  tendency  to  increase  in  speed 
results  from  a  diminution  of  the  load,  the  additional  armature- 
winding  tends  to  increase  the  strength  of  the  field  by  supply- 
ing more  current  to  the  field-coils,  and  thus  raises  the  opposing 
electromotive-force  of  the  motor,  diminishes  the  amount  of 
current  received  from  the  mains,  and  so  reduces  the  speed  to 
its  normal  rate.  Again,  an  increase  of  the  load,  tending  to 
reduce  the  speed,  is  counteracted  by  a  lessening  of  the 
magnetizing  current  produced  by  the  additional  winding,  a 
consequent  lowering  of  the  opposing  electromotive-force  of  the 


I 
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motor,  and  an  increase  of  the  current  received  from  the  mains. 
It  will  be  seen  that  as  this  plan  is  summative  it  does  not 
require  so  great  an  expenditure  of  energy  in  the  fields  as  a 
differential  winding ;  nor  is  it  open  to  the  objection  that  the 
motor  may  start  in  the  wrong  direction.     On  the  other  hand, 
it  has  the  drawback  of  requiring  an  additional  commutator. 
The   method  has  given   very  good   results,   but   has   been 
rendered  unnecessary,  except  in  special  cases,  by  the  simpler 
plan  to  be  next  described.     This  is  the  important  discovery' 
by  Mr.  Mordey,*  that  if  a  pure  shunt  motor  is  constructed 
upon  perfect   designs — that    is    to  say,  having  very  small 
resistance  of  armature  and  very  large  resistance  of  shunt,  and 
having  also  field-magnets,  which  are  very  powerful  relatively 
to  the  armature,  and   an  armature  properly  laminated  and 
sectioned  so  as  to  reduce  eddy-currents  and  self-induction  to  a 
minimum — such  a  shunt  dynamo,  if  supplied  from  mains  at  a 
constant  potential,  will  run  at  a  constant  speed  whatever  the 
load.*      The  slight  demagnetizing   action   of  the  armature 
when  a  negative  non-sparking  lead  is  given  to  the  brushes 
acts,  in  fact,  instead  of  any  special  demagnetizing  coiL     The 
following  tests  showed  a  constancy  to  within  i  J  per  cent  for 
all  loads  within  working  limits. 


Potential  at 
Terminals. 

Current 
(amperes). 

Horse-power     Revolutions  per 
at  Brake.               Minute. 

Torque 
(pound-feet). 

68*4                      44 
68*4                126 
68*4                165-5 
684                 180 

II 

7-4 
10*36 

11*14 

1 125 
1 120 
1115 

IIIO 

33'4 
48*8 

530 

With  a  lower  electromotive-force  the  same  motor  regulated 
almost  equally  well,  but  at  a  lower  speed.  It  was  observed 
that,  especially  when  the  motor  was  giving  out  small  horse- 
power, that  the  speed  was  increased  by  weakening  the  field. 

1  See  Phil,  Mag.,  January  1886. 

*  This  might  have  been  foreseen  from  the  equations  of  p.  602,  in  which  if 
ra  +  rm  =  o,  the  condition  of  regulation  will  give  S  =  o. 
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A  possible  mode  of  governing  constant-current  motors  is 
by  providing  a  variable  magnetic  shunt,  in  the  converse  of  the 
manner  su^ested  by  Trotter  for  constant-current  generators. 
Various  other  modes*  of  controlling  the  speed  by  altering 
the  magnetism  have  been  suggested,  but  few  of  them  are 
automatic  or  reliable. 

^  See  a  most  interesting  and  fully  illustrated  paper  by  Mr.  F.  B.  Crocker  ia 
HUcirUal  World,  xiii.  311,  1889. 
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CHAPTER  XXI. 

MODERN  FORMS  OF  CONTINUOUS  CURRENT  MOTORS. 

Almost  any  good  modern  dynamo  (independently  excited, 
shunt  wound,  or  compound  wound)  will  serve  as  a  motor  on 
mains  supplied  at  the  proper  pressure ;  but  attention  has  to 
be  paid  to  the  setting  of  the  brushes  that  it  may  run  rightly, 
and  the  machine  so  used  must  be  one  that  will  give  the 
proper  voltage  at  the  proper  speed.  In  designing  motors 
precisely  the  same  principles  hold  good  ^  as  obtain  for  design- 
ing generators  ;  for  the  same  features,  namely,  low  internal 
resistance,  powerful  field-magnets,  and  proper  elimination  of 
eddy-currents,  which  go  to  make  a  good  generator,  also 
apply  to  the  making  of  a  good  motor.  For  example :  sup- 
pose it  is  desired  to  design  a  lo  HP.  motor  to  run  at  500 
revolutions  per  minute,  when  fed  at  200  volt  mains.  Now 
10  HP.  is  7460  watts;  a  motor  to  give  out  actually  7460  must 
be  allowed  to  absorb  (at  85  per  cent,  nett  efficiency)  8776 
watts.  Further,  if  its  electrical  efficiency  is  to  be,  say,  90 
per  cent.,  it  must  generate  180  volts  of  counter  electro- 
motive-force. Dividing  8776  watts  by  180  volts  we  find 
48 '75  amperes  as  the  current  it  must  take  at  normal  load. 
If,  therefore,  we  simply  set  to  work  to  design  a  dynamo  with 
good  powerful  field-magnets  capable  of  generating  50 
amperes  at  180  volts  at  a  speed  of  500  revolutions  per 
.minute,  we  shall  have  obtained  what  we  wanted. 

Snell  has  given  the  following  rules  for  expressing  the 
actual  HP.  which  may  be  safely  and  continuously  taken  from 
motors : — 

Ring  armatures,  2-pole;  HP.  s=  o*cxxx>i    xld^n, 
Drum  armatures,  2-pole;  HP.  =  O' 000015  x  id'tt; 


^  For  discussion  of  the  subject  of  motor  design,  see  a  paper  by  Snell  in  nkeEltC" 
iridany  xxii.  313  and  403,  1889  ;  also  Journ,  Inst.  Electr,  Engineers,  xz.  1891, 
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/  is  length  of  annature  and  d  its  diameter,  in  inches, 

the  revolutions  per  minute, 

might  be  supposed  from  the  opening  statement  that 

scription  of  motors  was  superfluous.     There  are,  how- 

Ertain  special  forms  of  machine  that  have  come  into 

as  motors,  and  are,  therefore,  described  here. 

rton  and  Perry's  Motors. — Amongst  the  motors  which 

t  one  time  in  commerce  were  special  forms  by  Ayrton 

'erry,  with  a  fixed  external  ring  armature  and  an 

J  revolving  field-magnet.    These  motors  were  illus- 

in  the  earlier  editions  of  this  book.     They  had  the 
iral  defect  of  possessing  too  weak  a  field-magnet  to 

them  to  run  sparklessly,  and  though  remarkably  com- 
id  convenient,  fell  into  disuse. 

'.kensau^s  Motors.  —  yir.  K.  Reckenzaun  has  developed 
gn  of  motor,  with  special    reference   to    the   require- 

Ftc.  388. 


Reckenzaun's  Motor. 

of  electric  tramcars  and  launches.  Cast  iron,  on 
it  of  the  greater  weight  and  dimensions,  is  here  avoided, 
he  field-magnets  are  built  up  of  thick  wrought-iron 

bent  hot  into  such  a  shape  as  to  form  double  horse- 
(lagnets  with  the  ends  turned  inwards.  These  ends  are 
2  K 
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notched  out  to  receive  a  series  of  segmental  iron  pieces  which 
form  the  poles,  as  will  be  seen  by  the  illustration  (Fig.  388). 
This  machine  is  light  for  its  power,  compact  and  strong.  The 
entire  height,  for  example,  of  a  tramcar  motor  giving  8  HP.  at 
800  revolutions  is  only  1 3  inches ;  it  weighs  complete  600  lbs., 
and  is  capable  of  working  up  to  12  HP.  (brake)  for  short 
periods.  The  armature,  Gramme  type,  is  1 1  inches  long. 
The  section  of  the  armature  iron  core  is  loj  inches  by  i  ^ 
inches,  and  that  of  the  field-magnet  cores  9  inches  by  i-^ 
inches.  The  magnets  are  series-wound,  each  limb  containing 
two  coils  (in  some  cases  three),  which  can  be  put  in  parallel  or 
series  so  as  to  vary  the  exciting  power  and  permit  of  obtaining 
the  different  rates  of  speed  and  power  required  in  tramway 
work,  without  resorting  to  artificial  resistances,  and  also  of 
obtaining  a  great  torque  in  starting,  when  all  the  coils  are  in 
series, 

ImmiscKs  Motors. — Mr.  Moritz  Immisch  for  many  years 
constructed  motors  well  known  for  their  excellent  mechanical 
construction,  high  efficiency,  and  great  power  in  proportion 
to  weight.     Only  those  of  smallest  size  have  ring  armatures, 

Fia.  3S9. 


Immisch's  Motor. 

all  others  have  drum  armatures,  and  the  field-magnets  are 
usually  of  the  double-horseshoe  type,  as  shown  in  Fig.  389. 
A  section  of  the  machine,  one-fifih  of  the  full  size,  is  shown 
in  Fig.  390.  The  armature  is  15  m.  in  diameter,  and  1400 
revolutions  per  minute  gives  8  HP.  on  the  shaft,  with  an  effi- 
ciency of  85  per  cent.     It  weighs  only  350  lbs. 

The  armature  core  consists  of  thin  iron  disks  insulated 
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with  thin  asbestos,  having  at  the  ends,  and  at  intervals,  thicker 
disks  provided  with  projected  driving-teeth,  all  the  disks  being 
securely  keyed  to  the  shaft.  The  windings  are  carefully 
insulated  with  Willesden  paper  protected  with  india-rubber 
varnish.  The  arrangement  of  the  armature  presents  certain 
peculiarities,  amongst  which  are  the  commutator  connexions. 
The  bars  of  the  commutator  or  collector  are  grouped  alter- 
nately in  two  sets,  side  by  side,  so  that  a  single  broad  brush. 

Fig.  390. 


Imhisch's  Motor  (SectionJ. 
or  two  brushes  side  by  side  in  one  holder,  will  always  cut  out 
of  circuit  the  coil  of  the  armature  that  is  connected  from  the 
bar  of  the  front  set  to  the  bar  of  the  back  set ;  the  effect 
being  exactly  the  same  as  if  an  ordinary  collector  were  used 
with  two  pairs  of  connected  brushes,  those  of  each  pair  being 
set  apart  to  a  distance  equal  to  the  breadth  of  a  single  bar. 
The  effect  of  cutting  out  the  coils  as  they  reach  the  neutral 
point  is,  according  to  the  inventor,  to  diminish  cross-mag- 
netizing influences  and  obviate  changes  of  lead  ;  the  brushes 
being  set,  once  for  all,  in  the  required  position.  Some  brake 
tests  made  in  the  presence  of  the  author  on  a  small  J-HP. 
motor,  weighing  about  20  kilogrammes  (of  which  only  about 
3*5  kilogrammes  were  of  copper),  gave  following  results  : — 


Vo,„.     U.^. 

E.HP. 

>b»rb«<]. 

HP. 

given  ou 

1 

lEffidcncy- 

petUlnuK. 

I410 

40      ;     m-s 

■56s 

■354 

■625 

1840 

49     :    loS 

■69 

■46 

■666 

1920 

50      1    II 

■74 

■48 

•64s 

3380 

"   1  " 

•97 

■57 

1     -587 
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A  large  30-HP.  motor,  weighing  850  kilogrammes,  gave 
following  results : — 


Revolutions 
per  Minute. 

Volts.       Amperes. 

i 

E.HP. 
absorbed. 

HP. 
given  out. 

Efficiency. 

660 
680 
675 

500 
500 
500 

49      '    33 

48  1    32-2 

49  .33 

29-8 
29-5 

29' 5 

•90 
•91 

•89 

• 

The  Immisch  motors  are  now  made  by  the  General 
Electric  Traction  Co.,  whose  engineer,  Mr.  A,  T.  Snell,  has 
designed  many  large  motors  for  traction  and  mining^  pur- 
poses. In  many  of  these  motors  carbon  brushes,  Fig.  277, 
p.  382,  are  now  used.  The  mode  of  driving  the  core-disks  of 
the  large  machines  is  shown  in  Fig.  251,  p.  352. 

The  ''Agir*^  Motor* — This  motor,  designed  by  Messrs. 
Andersen  and  Girdlestone  (the  '*  Industries  "  prize  motor),  is 
shown  in  Fig.  391,  and  its  details  of  construction  are  given  in 
full  in  Plates  XVIII.  and  XIX.  It  was  designed  to  meet  the 
requirements  of  running  at  250  revolutions  per  minute  on 
150  volt  mains.  It  weighs  943  lbs.,  and  when  tested  gave 
following  results : — 

Electrical  HP.  supplied        ii'Si  12*70        14*84. 

Speed  of  motor  spindle        248  252  285 

Mechanical  HP.  output        7-31  9*48        10*6 

Nett  efficiency       61-9  74*7          71-4 

Brown's  Motors. — Of  these  some  mention  is  made  in 
Chapter  XXVI.,  and  a  large  4-poie  motor  of  240  HP.  is 
described  on  p.  491. 

LaurencCy  Paris  and  Scotfs  Motors. — Many  firms  now 
regularly  supply  motors  of  all  sizes  :  this  firm  has  kindly 
supplied  the  following  particulars  of  a  shunt-wound  motor 
taking  lo  amperes  from  lOO  volt  mains,  and  giving  out  a 
little  over  one  actual  HP. 

^  See  notes  by  Mr.  Snell  on  Electrical  Work  in  Mines,  in  Proc.  South  Wale 
Institute  of  Engineers^  July  27,  189 1.  Also  lecture  on  Electricity  in  Mining  b)' 
author  of  this  book,  published  by  Messrs.  Spon. 
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Annature   z-pole,  drum-wound ;  diameter  of  armature  core,  4^ 
inches,  length  of  core,  4  inches ;  sectional  area  of  iron  in  core,  7  •  6 


square  inches ',  number  of  segments  of  commutator,  36 ;  turns  per 
section,  10,  No.  19,  or  42  mm.  wire;  total  number  of  turns,  360 ; 
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w^ht  of  wire  on  armature,  3!^  lbs.;  resistance  of  annature,  i'o6 
ohm  (hot);  magnet  cast  iron,  17*72  square  inch  area;  shunt  wind- 
ing, 15  lbs.  9  oz..  No.  33,  or  35  mil  wire,  resistance  140  (wami); 
turns  in  shunt  windii^;,  4960;  starting  coil  on  one  hmb  only,  560 
turns,  No.  20,  or  35  rail  wire,  3  lbs. 

Spragu^s  Motors. — Lieut.  F.  J.  Sprague,  of  New  York,  has 
produced  several  forms  of  motor  of  excellent  design  and  con- 
struction, many  hundreds  of  them  being  in  use  in  the  States. 
One  form  of  these  machines  is  shown  in  Fig.  392.  For 
further  details  the  reader  is  referred  to  the  accounts  published 
in  the  technical  press,^      Sprague's  method  of  winding  the 

Fig.  392. 


Spragub's  Motor. 

field-magnets  with  a  differential  compound  winding  is  identi- 
cal with  that  invented  in  1883  by  Ayrton  and  Perry,  depend- 
ing upon  the  use  of  a  coil  in  series  with  the  armature  to 
demagnetize  and  weaken  the  field.*  Many  other  ingenious 
methods  of  governing  and  practical  applications  have  been 
worked  out  by  Sprague. 

Goolden's  Mining  Motor. — Mr.  Atkinson  has  designed  for 
Messrs.  Goolden  and  Co.  a  mining  motor  of  the  same  type  as 

'  Electrical  World,  October,  1S86 ;  also  Martin  and  Wetiler's  treatise  on  TMe 
Bltctrie  Motor,  157-75  '•  ""^  Electrical  World,  Jtiv.  3,  18S9  j  xv.  370,  189O ;  il»0 
Tht  Eleclrician,  xxiv.  34S,  1S90. 

'  See  Specifications  of  British  P.ilenis,  Nos.  15,768  of  i334,  and  35*4  of  1885. 
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Fig,  121,  p.  200,  but  with  special  adaptations  for  use  in  coal- 
mines ; '  the  moving  parts  being  enclosed  so  that  all  pos- 
sibility is  removed  of  a  spark  at  the  brushes  causing  an  ex- 
plosion. As  shown  in  Fig,  393,  the  commutator  and  brushes, 
which  are  of  carbon,  are  completely  boxed  in. 

Fig.  393. 


GooLDEN  Enclosed  Mining  Motor. 

Electric  Locomotive  Motors. — Many  motors  have  been 
designed  for  propelling  tramcars  and  for  electric  railways ; 
the  points  that  inventors  have  chiefly  considered  being 
strong  mechanical  design  of  armature,  slow  speed  with  or 
without  gearing,  and  construction  that  will  resist  deterioration 
by  water,  mud,  dust,  or  overheating.  Owing  to  the  enormous 
rush  of  current  just  at  starting,  the  armature  must  be  capable 
of  enduring  the  severest  torque,  and  be  practically  fire-proof  as 
well  as  water-proof     All  gearings  for  speeding  down  have 

'  See  Ihe  author's  EUitricity  in  Mining,  p.  38,  for  descriplions  of  electric 
coal-cntiecs  and  other  mi  Ding  appliancei. 
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gradually    fallen    into    disfavour,   direct-driving    slow-speed 
forms'  being  more  reliable.    All  this  implies  the  emplo5rment 
of  motors  with  relatively  powerful  field-magnets.    This  is  not 
the  place  to  enter  on  a  detailed  account  of  electric  locomotion 
in  general   or  to   describe   any  of  the  hundreds  of  electric 
tramways  and  railways  now  running.      In  Plate  XX,  is  given 
a  sketch  of  the  electric  locomotive  of  the  City  and  South 
London  subway  railway,. with  two  50  HP.  motors  designed 
by  Hopkinson.     These  are  now  being  replaced  by  Siemens's 
locomotives  of  a  pattern  in  which  the  field-magnets  are  rela- 
tively more  powerful,  enabling  the  armature  to  give  the  requi- 
site torque  with  less  current.    A  smaller  example  is  afforded 
by  the    20  HP.    motor    used   in    the  Bessbrook   Tramway, 
described  by  E.  Hopkinson,^  which   ran  at  100  revolutions 
per  minute,  taking  100  amperes  at  220  volts.     It  was  series- 
wound,  the  resistance  of  armature  being  0'ii2  ohn&y  and  of 
magnet  0*113  ohm.    The  nett  efRciency  was  over  90  per  cent. 
The  field-magnet  being  very  powerful,  this  motor  is  reversed 
by  simply  reversing  current  in  the  armature. 

Constant  Current  Motors  for  Arc  Light  Circuits^ — For 
insertion  in  a  series  circuit  special  forms  of  motor  are  needed, 
most  of  them  havk^  governors  of  centrifugal  type,  to  regulate 
the  power  taken  from  the  mains ;  most  of  these  are  of 
American  origin.* 

Small-power  Motors, — Several  makers  have  given  special 
attention  to  small-power  motors  for  driving  fans  and  other 
light  running  machinery.  In  England,  Messrs.  Cuttriss,  of 
Leeds  ;  in  France,  M.  Trouv^  ;  in  Germany,  various  makers, 
in  particular  the  Allgemeine  Co.,  of  Berlin  ;  in  the  United 
States,  Messrs.  Curtis,  Crocker,  and  Wheeler,*  have  all  done 
good  work. 

Pulsating  Motors. — The   early    type   adopted   by    Page, 

^  As  a  recent  example,  see  the  Thomson- Houston  slow-speed  motor  described 
in  Electrical  Worlds  xvii.  93,  189 1. 

^  Proc.  IttsL  Civil  Enginct.rs^  xci.  part  i.,  1887-8. 

•  See  Electrical  Worlds  xv.  269,  1890 ;   xvii.  120  and  130,  1891  ;  also  Tlu 
Electrician  f  xxv.  16,  45,  and  131,  1890. 

*  See  Engineerings  xliv.  83,   1887 1  also  Electrical  Worlds  ix.  4,  9,  and  203  ; 
xiii.  309,  1889;  XV-  114  ^°^  2^1  i^>'  XY"-  130*  191* 
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Hjorth  and  others,  in  which  a  purely  reciprocating  movement 
instead  of  a  rotatory  one  was  produced,  has  been  revived  in 
recent  years  for  motors  for  the  special  purposes  of  operating 
hammers  or  drills.  In  1879,  Werner  von  Siemens^  produced 
a  mining  drill  in  which  a  direct  current  and  an  alternating 
current  of  slow  period  were  combined  to  produce  a  recipro- 
cating movement  without  any  commutator — a  device  lately 
revived  by  Atkinson  and  by  Van  de  Poele.  In  1880  Marcel 
Deprez  ^  designed  an  electric  hammer  for  forging,  having  a 
plunger  of  iron  to  be  drawn  up  and  down  in  a  cylindrical  coil 
wound  in  sections  into  which  the  current  was  successively  led 
by  a  commutator. 

Alternate  Current  Motors, — These  are  specially  treated  in 
Chapter  XXIV. 

*  D.  R.  Patent,  Na  9469  of  1879  (see  vol.  ii.  p.  389,  of  Siemens'  ArbdtenY 
'  La  LumUre  £Uctriqu£,  ix.  44,  1883. 
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CHAPTER  XXII. 

THE  PRINCIPLES  OF  ALTERNATE  CURRENTS. 

In  alternate-current  working  the  current  is  rapidly  reversed, 
rising  and  falling  in  a  succession  of  impulses  or  waves. 
Electricity  is  in  fact  oscillating  backwards  and  forwards 
through  the  line  with  enormous  rapidity,  under  the  influence 
of  a  rapidly-reversing  electromotive-force.  The  adjectives 
alternate^  oscillatory ^periodicy  undulatory^  and  harmonic  have  all 
been  used  to  describe  such  currents.  The  author  would  prefer 
the  term  wave^currents  as  being  both  shorter  and  more  apposite. 
The  properties  of  alternate-currents  differ  somewhat  from 
those  of  direct  or  continuous  currents.  They  are  affected 
not  only  by  the  resistance  of  the  circuit  but  also  by  its  inertia 
or  self-induction,  which  diminishes  the  amplitude  of  the  waves, 
retards  their  phase,  and  smooths  them  down  in  general.  On 
account  of  these  pecularities,  some  preliminary  account  of 
them  is  needed. 

We  have  seen  (p.  30)  how  the  repeated  approach  and 
recession  of  a  coil  and  a  magnet  pole  will  set  up  alternate 
electromotive- forces ;  and  how  (p.  213)  the  rotation  of  a  simple 
loop  in  a  uniform  magnetic  field  will  give  rise  to  a  truly 
periodic  wave-current.  We  have  seen  also  how  the  value 
of  the  periodic  electromotive-force  at  any  moment  may  be 
expressed  in  terms  of  the  sine  of  the  angle  through  which  the 
coil  has  been  turned.  In  the  case  of  real  machines  in  which 
the  magnetic  fields  are  not  uniform,  nor  the  coils  simple  loops, 
the  periodic  rise  and  fall  of  the  electromotive-forces  will  not 
necessarily  follow  a  simple  sine  law.  The  form  of  the 
impressed  waves  will  depend  on  the  shape  of  the  polar  faces, 
and  on  the  form  and  breadth  of  the  coils.  .Consider  the  case 
of  a  machine  in  which  the  field-magnets  consist  of  a  double 
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crown  of  opposing  poles  (as  in  the  machines  of  Wilde,  Siemens, 
Ferranti,  Mordey,  &c.).  If  the  armature  coils  and  magnet 
cores  are  both  of  circular  form,  and  equal  in  diameter,  as  the 
coils  approach  the  polar  ends  of  the  cores  they  will,  it  is  true, 
gradually  enter  the  field,  and  the  number  of  lines  cut  by  the 
coil  during  equal  displacements  will  gradually  increase  and 
become  a  maximum  when  the  axis  of  coil  and  core  coincide, 
and  from  that  point  it  will  again  decrease,  almost  in  a  sine 
law ;  the  greatest  rate  of  cutting  being  when  the  edge  of  the 
coil  is  opposite  the  centre  of  the  core  ;  but  if  coil  and  core  be 
rectangular  in  outline,  the  greatest  rate  of  cutting  in  each  wire 
will  be  when  one  edge  of  the  coil  is  passing  the  edge  of  the  pole. 
In  this  case  the  sine  law  cannot  be  true  for  the  electromotive- 
force.  In  order  to  test  whether  in  any  given  dynamo  the 
rise  and  fall  of  electromotive-force  and  of  current  in  the 
armature  coils  conforms  to  the  law  of  sines,  experiments  are 
necessary.  Joubert,  in  order  to  measure  the  currents  of  a 
Siemens'  dynamo,  employed  an  electrometer  method,  and 
took  off  the  current  at  any  desired  phas#  by  a  special  com- 
mutator, and  found  an  approximate  curve  of  sines.^  Another 
method,  applicable  also  to 
direct-current  machines,   due  Fig.  394. 

to  Mr.  Mordey,  is  described. 

In  Fig.  394  are  given  four 
curves  for  a  half-period.  Of 
these  one  is  a  sine  curve,  the 
other  three  form  actual  alter- 
nators, showing  how  nearly 
they  agree  with  a  true  sine 
curve.  The  one  which  agrees 
most  nearly  is  that  of  the 
Mordey  alternator,  which  lies 
just  within    the    sine    curve 

nearly  throughout  its  whole  extent.    We  are  then  sufficiently 
justified  in  assuming  that  the  impressed  electromotive-force 

'  For  modem  varieties  of  this  method  see  p.  73,  on  which  references  are 
given.  For  the  most  recent  research  see  paper  by  Dr.  J.  Linde  in  EUktroUek" 
fdtcha  Echo^  No.  20,  1891. 
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follows  a  sine  law,  so  that  the  electromotive-force  at  any- 
instant  may  be  expressed  in  the  form — 

E^  =  D  sin  0, 

where  D  is  the  maximum  value  or  amplitude  attained  by  E, 
and  0  an  angle  ol phase  upon  an  imaginary  circle  of  reference. 
Consider  a  point  P  revolving  clock-wise  round  a  circle.  If  the 
radius  of  this  circle  be  taken  as  unity,  P  M  will  be  the  sine  of 
the  angle  0,  as  measured  from  0°.  Let  the  circle  be  divided 
out  into  any  number  of  equal  angles,  and  let  the  sines  be 
drawn  similarly  for  each.  Then  let  these  sines  be  plotted  out 
at  equal  distances  apart  along  the  horizontal  line,  as  in  Fig.  395, 
giving  us  the  sine  curve. 

In  Fig.  395  one  revolution  of'P  around  the  circle  of  reference 
corresponded  to  one  complete  alternation  or  cycle  of  changes. 
The  value  of  the  electromotive-force  (which  varies  between 

Fig.  395. 


Curve  of  Sines. 

+  D  and  —  D  as  its  maximum  values)  may  be  represented 
at  any  moment  either  by  the  sine  P  M  or  by  projecting  P  on 
to  the  vertical  diameter,  giving  O  Q.  As  P  revolves,  the  point 
Q  will  oscillate  along  the  diameter. 

There  is  yet  another  way  of  representing  periodic  varia- 
tions of  this  kind,  namely,  by  a  diagram  akin  to  that  used  by 
Zeuner  for  valve-gears.  Let  the  outer  circle  (Fig.  396)  be  as 
before  a  circle  of  reference  around  which  P  revolves.  Upon 
each  of  the  vertical  radii  describe  a  circle.     Then  the  lengths 
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Wi^ 


no* 


such  as  O  Q,  cut  off"  from  the  radii,  represent  the  corre- 
sponding values  of  the  sine  of  the  angle.  If.  a  card  with  a 
narrow  slit  cut  radially  in  it  were  made  to  revolve  over  this 
figure,  the  intersection  with  the  two  inner  circles  would  show 
the  varying  electromotive- 
forces  in  various  positions.  ^^^'  3^  * 

The  reader  who  desires  to 
pursue  the  graphic  study  of 
these  matters  further  should 
consult  the  excellent  treatise 
of  Prof.  Fleming,^  or  that  of 
Mr.  Blakesley,^  and  sundry 
papers  by  Mr.  Kapp.* 

We  must  now  show  how 
to  calculate  the  rise  and  fall 
of  current  which  the  periodic 
electromotive-force  sets  up  in 

the  circuit     Those  who  are  afraid  of  calculations  should  go 
on  to  the  geometrical  treatment  of  the  problem,  p.  627. 

Analytical  treatmefit, — To  calculate  this  rise  and  fall  we 
must  remember  that  the  motions  of  the  rotating  coils  are 
supposed  to  take  place  with  a  uniform  speed,  and  that  the 
induced  electromotive-force  will  be  proportional  to  the  rate  of 
change  in  the  number  of  magnetic  lines  induced  through  the 
circuit.  To  get  a  complete  account  of  the  action  we  must 
take  into  consideration  the  number  of  magnetic  lines  induced 
by  the  circuit  on  itself.^ 

Consider  a  simple  loop  of  wire  traversed  by  a  current 
Every  portion  of  the  loop  will  be  surrounded  by  a  whirl  of 
magnetic  lines  similar  to  those  of  Fig.  1 3,  and  those  belonging 
to  the  current  in  one-half  of  the  loop  tend  to  influence  the 
current  in  the  other  half.  Such  influence  or  tendency  of  the 
current's  lines  to  influence  the  other  parts  of  the  circuit  is, 


'  Fleming,  The  Alternate  Current  Transformer^  London,  18S9. 
'  Blakesley,  Alternating  Currents  of  Electricity^  London,  1889. 

*  Kapp  on  'Alternate  Current  Machineiy,'  Froc.  Inst,  Gvil Engineers,  1889, 
puiiL 

*  Neumann's  mathematical  investigation  of  the  effect  of  considering  the  self- 
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however,  only  manifested  when  the  strength  of  the  current  or 
the  shape  of  the  circuit  is  changing.  We  know  that  any 
increase  in  the  number  of  magnetic  lines  that  thread  through 
a  circuit  (as,  for  example,  by  poking  a  magnet  pole  into  it) 
tends  to  set  up  a  current  that  will  oppose  the  motion.  Any 
increase  in  the  strength  of  the  current  in  the  loop  will 
increase  the  number  of  lines  through  the  loop,  and  that 
increase  will  of  itself  tend  to  set  up  an  opposing  current  On 
the  other  hand,  any  decrease  in  the  current  in  a  circuit,  by 
reducing  the  number  of  magnetic  lines  which  thread  through 
the  circuit,  tends  to  oppose  the  reduction  of  the  current.  A 
current,  in  fact,  acts  as  if  it  had  inertia,  and  tends  to  keep  the 
number  of  its  magnetic  lines  constant  This  inertia  of  the 
current  in  a  circuit  is  also  known  as  the  induction  of  the 
circuit  on  itself,  or,  briefly  its  self-induction.  The  self-induc- 
tion in  a  circuit,  which,  as  we  have  seen,  is  due  to  the  number 
of  magnetic  lines  threaded  through  the  circuit  itself  by  the 
current  flowing  in  it,  is  always  made  up  of  two  factors.  When 
discussing  the  earlier  case  of  the  induction  of  a  current  in  a 
loop  by  rotating  it  in  a  uniform  magnetic  field  we  n^lected 
self-induction  and  considered  the  number  of  lines  of  force 
which  were  cut  by  the  loop  as  being  the  product  of  two  factors, 
viz.  the  total  number  of  magnetic  lines  N  that  actually  traverse 


induction  of  the  circuit  in  relation  to  a  periodic  electroinotive-force,  was  published 
in  1845,  but  self-inductive  phenomena  had  previously  been  studied  by  Henxy  and 
by  Faraday. 

Other  mathematical  investigations  of  alternating  electric  currents  have  been 
given  by  Weber  in  his  Elektrodynamische  MactsbesHmmungen^  and  by  the 
following : — 

Koosen,  Pogg,  Ann,^  Ixxxvii.  386,  1852. 

Le  Roux,  Ann.  Chim.  Phys.  [3],  1.  463,  1857. 

Clerk  Maxwell,  PhiL  Trans.,  1865,  p.  473. 

Jamin  and  Richard,  Ann.  Chim.  Phys.  £4],  xvii.,  276,  1869, 

Joubert,  Ann,  de  VEcole  Normale  Stipirieure^  x.,  188 1  ;  and  youmal  St 
Physique,  s.  ii.,  t.  ii.,  p.  293,  1883. 

Lord  Rayleigh,  Phil.  Mag,  May  1886.  p.  375. 

Hopkinson,  Lecture  at  Instit.  Civil  Engineers  (on  Electric  Lighting),  1883. 
„  yournal  Soc.  Telegr.  Engineers,  xiii. 

„  Proc.  Roy.  Soc.,  Feb.  1887. 

Abstracts  of  the  most  important  of  these  will  be  found  in  Fleming's  book  ob 
the  Alternate  Current  Transformer. 
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the  iron  core  of  the  armature/and  C,  the  number  o(  conductors 
at  Its  periphery.     In  the  case  of  self-induction  the  two  factoris 
will  be  different.    The  number  of  lines  of  force  induced  on 
itself  by  the  current  in  a  loop  will  be  proportional  ,  to  the 
strength  of  the  current  i.    The  number  will,  for  a  simple 
circular  loop,  be  also  proportional  to  the  area  of  the  loop. 
But  for  loops  that  are  not  circular,  and  for  loops  that  consist 
of  many  turns,  and  for  loops  that  have  iron  in  them,  a  much 
more  complicated  investigation  would  be  required  than  could 
be  undertaken  here  if  it  were  not  for  one  fortunate  circum- 
stance.   Suffice  it  to  say  that  for  a  loop  of  many  turns  the 
coefficient  of  self-induction  is  proportional  to  the  square  of  the 
number  of  turns.     For  each  turn  helps  to  produce  magnetic 
lines  and  also  adds  to  the  "cutting"  of  the  lines  by  the 
circuit     As  a  matter  of  fact,  the  two  factors  of  self-induction 
are  current  /,  and  a  quantity  symbolized  by  the  letter  L, 
called  "  the  coefficient  of  self-induction,'^  which  represents  the 
number  of  magnetic  lines  which  the  circuit  would  enclose  or 
induce  on  itself  if  the  current  flowing  in  it  were  one  "  absolute 
unit"     It  follows  at   once  that  if  current  /  flow  through   a 
circuit  whose  coefficient  of  self-induction  is  L,  the  whole  self- 
induction  of  the  circuit  will  be  equal  to  L  times  i]  and  the 
product  lai  will  represent  the  total  amount  of  enclosing  of 
magnetic  lines  by  the  convolutions  of  the  circuit.     It  will  also 
be  evident  that  if  a  current  begins  from  strength  o  and  grows 
uniformly  until  its  strength  is  i,  the  average  self-induction  in 
the  circuit  will  be  J  L  u 

Returning  now  to  the  case  of  a  loop  having  S2  turns,  placed 
at  such  an  angle  B  (measured  from  the  initial  position  as  in 
Fig-  1 34»  where  it  stands  right  across  the  field),  we  see  that  it 
ho  longer  encloses  the  whole  number  of  magnetic  lines  which 
are  present  in  the  magnetic  circuit  When  we  omit  all  account 
of  self-induction,  we  may  write 

Ni  =  SaN  cos  By  [I.] 

where  Ni  is  the  virtual  amount  of  enclosing  of  lines  by  the 
circuit. 
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But  we  know  that  if  there  is  a  current  i  in  the  circuit,  we 
ought  to  write  the  equation  in  full — 

Ni  =  SaN  cos  tf  +  L  /.  [II.] 

Our  omission  of  the  self-induction  term  in  all  the  previous 
equations  was  only  justifiable  on  the  assumptions — firstly,  that 
the  field-magnets  so  overpowered  the  armature  as  to  make 
the  second  term  negligible ;  secondly,  that  the  equations  we 
obtained  were  the  equations  for  steady  currents. 

Now  we  know  that  any  variation  in  Ni  will  set  up  induced 
electromotive-force,  and  that  at  any  moment  the  electromotive- 
force  will  have  the  value 

E  =  -  ^^ ;  [III.] 

where  we  use  the  negative  sign  to  show  that  an  increase  in  Ni 
will  produce  an  inverse  or  negative  electronaotive-force.  We 
are  obliged  to  take  note  henceforth  of  the  signs  of  the  various 
quantities.  Any  change  in  Ni,  from  whatever  source  arising, 
will  set  up  electromotive-force.  We  cannot  well  alter  Sj,  the 
number  of  coils  of  our  armature.  N  can  be  altered ;  and  in 
most  modem  alternate-current  machines  it  is  arranged  that 
N,  the  number  of  magnetic  lines  in  the  field,  can  be  controlled 
by  hand  or  otherwise,  the  field-magnets  of  the  alternate- 
current  machine  being  usually  separately  excited  by  a  con- 
stant current  from  a  smaller  dynamo,  called  the  "  exciter  "  (see 
Figs.  426  and  436).  While  the  dynamo  is  at  work,  the  co- 
efficient of  self-induction  of  the  armature  cannot  be  changed 
at  will,  as  that  depends  on  the  size,  shape,  coiling,  and  coring 
of  the  armature,  and  on  magnetic  permeability ;  but  it  is 
possible  to  change  the  self-induction  of  the  rest  of  the  circuit 
If  we  suppose  this  to  remain  constant  then  the  only  quantities 
that  are  really  important  in  respect  of  the  variations  they  will 
undergo — ^the  only  quantities  whose  variations  contribute  to 
the  variations  of  Ni — are  9  and  1.  The  angle  of  position  6 
varies  from  o  to  2  tf  (radians) ;  that  is  to  say,  from  0°  right 
round  to  360°,  and  then  recurs ;  and  its  cosine  therefore 
fluctuates  between  i  and  —  i.    The  current  i  varies  also  from 
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a  certain  maximum  value  +  i„^  to  an  equal  negative  value 
■"  ^«».  We  will  neglect  all  the  variations  of  the  other 
quantities,  not  because  these  variations  would  not  be  instruc- 
tive— ^for  that  would  be  quite  untrue — but  because  of  their 
lesser  practical  importance.    Then  we  have 

g  _  _  ^1  ^  _  d  (SaN  cos  g  +  L  i) 
dt  dt 

Now  suppose  that  while  the  armature  loop  has  turned 
through  the  angle  ^,  the  time  occupied — a  small  fraction  of  a 
second — ^is  /.  Also  take  T  to  represent  the  time  taken  for 
one  revolution  ;  so  that  if  there  were  n  revolutions  ^  per  second, 

T  will  be  -  of  a  second.     Then  obviously  0  will  be  the 

*P  part  of  a  whole  revolution,  and  as  there  are  2  ir  radians  in 
a  circle,  the  angle  expressed  in  radians  will  be 

^=s27r7pS=27r»/=cD// 

where  <i>  is  the  angular  velocity. 

Inserting  this  value,  and  performing  the  differentiation, 

we  get 

di 
E  =  2  7r  «  SaN  .  sin  2  7r  «  /  —  L  -3^ ; 

E  =  CO  SaN  sin  0) /  -  L  ~.  [IV.] 

at 

Consider  this  equation  carefully.  It  shows  us  that  if  there 
were  an  open  circuit,  so  that  there  could  be  no  i^  then  self- 
induction  would  not  come  in  at  all.  Also  if  the  motion  were 
so  slow  that  the  rate  of  change  of  i  were  inappreciable,  then 
the  second  term  might  be  neglected.  The  negative  sign  also 
indicates  that  that  part  of  the  electromotive-force  which  is  due 
to  self-induction  opposes  the  other  part     Suppose  we  pause 

*  For  mnltipolar  machines  the  nttmber  of  alternatioiis  is  more  numerous  than 
the  Bomber  of  rerolntions  in  proportion  to  the  number  of  pairs  of  poles.  The 
symM  n  will  in  this  case  stand  for  alternations. 

2  S 
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for  a  moment  to  consider  the  case  of  slow  motion,  and  neglect 
the  self-induction  term  ;  then  we  get 

E  =  2  TT  »  S2N  sin  ^, 

which  is  twice  the  value  found  on  p.  231  for  a  direct-current 
machine  in  which  the  windings  were  not  all  in  series,  but 
grouped  in  two  sets  in  parallel.     Further,  since  the  average 

value  ^  of  the  sine  between  0°  and  90°  is  -,  we  get,    as    the 

TT 

average  value  of  E, 

E  (average)  =  4  »  S2N. 

Also  it  is  important  to  notice,  that  with  slow  rotation,  if  the 
resistance  of  the  circuit  be  R,  the  current  will  be  at  any 
moment 

«= _?_sin«.  [v.] 

Now  write  D  for  the  group  of  symbols  2  tt  »  SjN,  and  we 
get— 

.  ^  D^  ^j  J 

We  now  pass  on  to  entertain  the  case  where  the  rotation 
is  so  quick  that  we  must  take  in  the  self-induction  term. 
Remember  that  though  self-induction  will  set  up  perturbing 
electromotive-forces  and  diminish  the  impressed  electromotive- 
force,  yet  if  the  nett  effective  electromotive-force  at  any  instant 
is  known  the  corresponding  instantaneous  value  of  the  current 
can  be  calculated  from  it  by  simply  applying  Ohm's  law.  So 
if  E,  as  found  in  formula  [IV.],  p.  626,  be  the  effective 
electromotive-force,  we  may  write  E  =  R  /  ;  whence 

di 


R  /  =  D  sin  ^  -  L  -^  . 

dt 


*  Or  more  strictly 


I 


'     Hjix         I-COS0  /^ 

sin  0  tfl9  = 2 •       • 


whence,  if  0  =  -,  the  average  is  - . 


i 
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This  is  a  differential  equation  of  the  form 

ay  +  b  -^  =  sin  c  x . 
ax 

(See  Boole's  Differential  Equations^  p.  38.) 
The  solution  is 

where  ^  is  called  the  retardation  or  angle  of  lag^  and  has  the 

value  such  that 

,        ,       2  7r«L 
tan  0  =  -.^^—  . 

In  the  second  term  of  the  expression  on  the  right-hand  side 
of  the  above  equation,  the  symbol  C  is  a  constant  of  integra- 
tion, and  €  is  used  in  its  common  mathematical  sense  to 
represent  the  number  2*7182,  which  is  the  basis  of  the 
Napierian  (or  hyperbolic)  logarithms.  This  second  term  may 
be  omftted,  because.it  relates  only  to  the  irregularities  during 
the  first  starting  of  the  current,  and  dies  out  as  the  time  t 
increases  in  value.  We  have,  therefore,  got  our  equation  for 
the  current  as  follows  : — 

/,  =  D  cos  i>  .sin  (g  -  ^)  .  ^yjjj  -J 

R. 

which  should  be  compared  with  the  value  that  the  current 
would  have  if  there  were  no  self-induction,  as  given  in  [VI]. 
We  see  by  comparing  the  two  expressions  that  our  curreat 
still  follows  a  sine-function,  but  it  is  the  sine-function  not  of 
the  angle  ^,  but  of  the  angle  (^  —  0) ;  that  is  to  say,  its 
waves  lag  behind  those  of  the  impressed  electromotive-force. 
Also,  the  amplitude  of  the  current  is  reduced,  because  every- 
thing is  going  on  as  if  the  amplitude  of  the  imfjressed  electro- 
motive-force had  been  altered  from  D  to  D  cos  ^*  Or^  in 
other  words,  the  effective  electromotive-force  is  equal  to  the 
part  of  the  impressed  electromotive-force  as  resolved  along 
the  line  of  the  lagging  current. 

Geometrical  Treatment, — Another  mode  of  studying  these 

2  s  2 
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rather  complex  relations  is  by  the  aid  of  the  diagram  ex- 
plained above.  First  let  it  be  understood  how  if  the  current 
is  undergoing  periodic  changes,  its  rate  of  change  (to  which 
the  self-induced  reactions  are  proportional)  will  also  undergo 
periodic  change,  but  with  the  difference  that  the  waves  of 
self-induced  electromotive-force  will  lag  exactly  a  quarter- 
period  behind  those  of  the  current,  or  will  be  "  in  quadrature  "  ^ 
with  them ;  for  the  rate  of  change  of  the  sine  is  proportional 
to  the  cosine,  and  the  cosine  is  simply  the  sine  shifted  on  a 
quarter  of  a  revolution.  Hence,  when  using  in  diagrams,  a 
circle  of  revolution,  as  in  Figs.  395  or  396,  we  have  a  line  in 
any  position  representing  the  current  or  the  effective  electro- 
motive-force which  generates  it,  the  line 
iG.^97.  which  is  to  represent  the  self-inductive 

""^^v.        reaction  must  be  drawn  at  right  angles 
\^    — in  quadrature — ^to  the  current.     Let 
\        0  A  in  Fig.  397  represent  the  ampli- 
\        tude  of  the  impressed  electromotive- 
J        force.      Describe  a  circle  upon   OA, 
^^  and  on  this  circle  take  a  point  E,  so 

that  angle  A  O  E  =  ^,  and  join 
A  E,  O  E.  A  E  O  will  be  a  right 
angle,  and  A  E  will  represent  the  magnitude  of  the  electro- 
motive-force of  self-induction  when  O  E  represents  the  current 
or  the  effective  electromotive-force  which  produces  the  current ; 
the  whole  being  considered  to  revolve  about  O,  and  the  pro- 
jections on  the  vertical  line  being  taken  as  explained  above. 
We  have  here  two  electromotive-forces,  the  impressed  OA 
and  the  reactive  A  E  (or  O  F,  which  is  equal  to  it),  with  their 
resultant  the  effective  electitomotive-force  O  E,  with  an  angle 
E  O  A,  or  ^  between  them  ;  the  effective  electromotive-force 
being  equal  to  the  impressed  electromotive-force  multiplied 
by  cos  ^.  Let  us  now  examine  this  angle  ^  which  represents 
the  lag  of  the  effective  electromotive-force  (and  therefore  of 
the  current)  behind  the  impressed  electromotive-force.  We 
know  that  O  E  is  equal  to  R  /,  and  A  E  is  equal  to  2  9r  n  L  f, 
being  the  maximum  value  of  the  rate  of  change  of  L  i  cos^ 

'  This  use  of  the  term  is  due  to  Mr.  Blakesley,  op.  cii. 
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(i.  e  the  maximum  value  of  2  tt  »  L  /  sin  6). 
A  E  is  to  O  E  as  2  TT  «  L  is  to  R.     Or, 

2'irn  L 


That  is  to  say, 


tan  ^  = 


R 


The  quantity  2  tt  »  L  is  sometimes  called  the  inductancey  so 
that  we  may  say  the  angle  of  lag  is  such  that  its  tangent 
depends  on  the  ratio  of  the  inductance  to  the  resistance.  If 
we  draw  the  triangle  separately,  as  in  Figs.  398,  we  may 


Fig.  39&Z. 


Fig.  3983. 


NeSISTANCK 


I   vA^>^^^''  '-' 


mark  the  values  of  the   sides,   the  hypotenuse    becoming 

\/R*  +  47r*«*L^  a  quantity  sometimes  called  the  "apparent 
resistance,"  .or  sometimes  the  "  impedance."^   We  see  then  that 

cos  ^  is  equal  to  R  -f-  'n/  R^  +  4  tt"  n^  L^  so  that  equation 
[VIII.]  p.  627,  might  have  been  written* 

.  __  '  D  sin  (g  -  <^) 
^^  "  VR' +  4  7r»  ;^^I?  ' 


[IX.] 


where  we  write  the  whole  impressed  (and  retarded)  electro- 
motive-force as  numerator,  and  the  impedance  as  denomi- 

>  The  term  impedance  strictly  means  the  ratio  of  any  impressed  electromotive- 
force  to  the  current  which  it  produces  in  a  conductor  (see  Lodge's  Modem  Views, 
p.  398),  of  which  the  above  is  only  one  case.  For  steady  currents  the  impedance 
is  simply  the  resistance.  For  variable  currents  it  may  be  made  up  of  resistance, 
inductance,  and  (if  the  circuit  has  electrostatic  capacity),  of  permittance,  in  various 
proportions  according  to  the  form  of  the  variation.  For  true  periodic  currents 
obeying  the  sine-law  the  impedance  is  the  square  root  of  the  sum  of  the  squares 
of  resistance  and  inductance.  For  currents  which  vary  more  suddenly  the 
impedance  will  depend  more  on  self-induction  and  less  on  resistance. 

*  This  is  indeed  the  classical  way  of  writing  it ;  and  it  was  so  written  in  the 
previous  editions  of  this  work.  The  whole  notion  of  an  apparent  resistance, 
partly  made  up  of  real  resistance  and  partly  made  up  of  an  inductive  reaction,  is, 
however,  awkward.  The  inductive  reaction  is  not  of  the  nature  of  a  resistance, 
but  that  of  an  electromotive-force,  which,  compounded  with  the  impressed 
electromotive-force,  gives  us  a  nett  effective  electromotive-force. 
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nator,*  instead  of  writing  the  effective  resolved  part  of  the 
electromotive-force  as  numerator,  and  the  true  resistance  as 
denominator. 

Before  leaving  Fig.  397  and  the  angle  of  lag,  we  may  note 
that  the  lag  is  proportional  both  to  L  and  to  n\  so  that 
raising  the  frequency  of  alternations  will  exaggerate  the  t^'o 
inductive  reactions — will  increase  the  lag  and  diminish  or 
damp  down  the  current  But  increasing  the  resistance, 
though  it  diminishes  the  current,  tends  to  lessen  the  lag. 
The  effect  of  self-induction  is  then  to  retard  the  rise  and  fall 
of  the  current,  so  that  it  attains  its  maximum  not  when 
B  =  90°,  but  when  6  =  90°  +  ^,  and  ^  cannot  in  any  case 
exceed  90**,  as  will  be  seen  by  considering  Fig.  397.  Further, 
both  the  inductive  reactions  will  increase  with  increased  speed. 
There  will  be  less  lag,  therefore,  if  the  machine  is  so  designed 
that  it  can  be  driven  at  a  slow  speed,  or  if  the  number  of 
alternations  per  second  be  diminished,  and  if  the  coefficient  of 
self-induction  is  small  compared  with  the  resistance  of  the 
circuit  This  indicates  that  the  number  of  turns  of  the  coils 
in  the  armature  part  should  be  kept  as  small  as  possible,  and 
the  magnetic  field  made  enormously  powerful — a  rule  which 
applies  equally  to  continuous-current  dynamos. 

Fig.  399. 


These  two  inductive  reactions,  the  lag  and  the  damping: 
of  the  current,  may  be  summed  up  in  a  diagram,  Fig,  399. 
Let  the  curve  A  represent  the  rise  and  fall  of  the  induced 

*  See  Maxwell,  Phil,  Trans, ^  1865,  p.  473. 
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current,  as  it  would  be  if  there  were  no  self-induction.  Then, 
since  the  tendency  of  self-induction  in  the  circuit  is  both  to 
retard  the  rise  and  fall  of  the  effective  electromotive-force,  and 
to  damp  it  down,  it  will  have  the  effect  of  causing  the  current 
to  rise  and  fall  like  the  curve  B,  which  has  a  smaller  amplitude 
and  is  shifted  along. 

It  may  be  remarked  that  mere  retardation  does  not  waste 
any  of  the  power,  nor  does  the  mere  introduction  into  the 
circuit  of  the  opposing  electromotive-forces  of  self-induction. 
If  induction  could  be  limited  to  these  two  effects,  it  would  not 
be  very  prejudicial,  it  would  simply  make  the  machine  act  as 
a  smaller  machine.  It  lowers  the  plant-efficiency,  but  not  the 
running-efficiency, 

"  VirtuaV^  Electromotive-farce, — Alternate-current  volt- 
meters and  alternate-current  amperemeters  do  not  measure 
the  true  average  values  of  the  volts  and  of  the  amperes. 
They  measure  what  are  called  "  virtual  volts  "  and  "  virtual 
amperes."  In  a  Cardew  voltmeter  the  heating  of  the  wire 
depends  on  the  square  of  the  current.  In  an  electro-dynamo- 
meter the  torque  depends  at  every  instant  on  the  product  of 
the  currents  in  the  fixed  and  movable  parts  ;  therefore,  when 
used  as  an  amperemeter,  depends  on  the  square  of  the  current. 
The  readings  which  these  instruments  give  us,  if  first  calibrated 
by  using  steady  currents,  are  not  true  means,  but  are  the 
square  roots  of  the  means  of  the  squares.  Now  the  mean  of 
the  squares  of  the  sine  (taken  over  either  one  quadrant  or  a 
whole  circle)  is  \  ;  henge  the  square-root-of-mean-square  value 
of  the  sine  functions  is  got  by  multiplying  their  maximum 

value  by  I  -T- V'2,  or  by  O'/o/.  But  we  have  seen  that  the 
arithmetical  mean  of  the  values  of  the  sine  is  0*637.  Hence 
an  alternating  current,  if  it  obey  the  sine  law,  will  produce  a 
heating  effect  greater  than  that  of  a  steady  current  of  the 
same  average  strength,  by  the  ratio  of  0*707  to  0*637 ;  i,e. 
about  I  •  I  times  greater.  If  a  Cardew  voltmeter  is  placed  on 
an  alternating  circuit  in  which  the  volts  are  oscillating  between 
maxima  of  +  100  and  —  100  volts,  it  will  read  70*7  volts, 
though  the  arithmetical  mean  is  really  only  63*7 ;  and  70*7 
steady  volts  would  be  required  to  produce  an  equal  reading 
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The  term  virtual^  has  been  used  to  denote  these  square-root- 
of-mean-square  values.  It  may  be  remarked  in  passing  that 
the  virtual  electromotive-force  of  a  dynamo  wound  for 
alternate  currents  will  therefore  be  2  •  2  times  higher  (cojmpare 
p.  651)  than  that  of  the  same  dynamo  wound  as  an  ordinary 
direct-current  dynamo.  The  equations  established  above 
hold  good,  whether  maximum  or  virtual  values  are  used.  For 
example,  we  may  write 

,_     .  maximum  E 

Maximum  t  = : X  cos  A  : 

resistance 

-,     .  maximum  E 

Maximum  i  = 


or 


impedance   ' 


,,.  ^     ,  .       virtual  E  . 

Virtual  t  =  — : X  cos  <£» .; 

resistance 

,-.  ^     ,  .       virtual  E 
Virtual  ^  =  r 


impedance 


The  diagrams  of  revolving  lines  may  be  drawn  either  with 
maximum  or  virtual  values. 

Mean  Power, — The  mean  power  is  obtained  by  integrating 
the  power  during  one  period  and  dividing  by  that  period,  and 
therefore  may  be  written 

Now  if  E  and  i  were  always  in  the  same  phase,  the  power  at 
any  moment  would  be  simply  the  product  of  their  values  at 
that  moment,  and  the  mean  power  would  be  the  product  of 
their  virtual   values,   or  the  half-  of  the  product  of  their 

'  I  adhere  to  the  tenn  virtual;  it  was  in  use  before  the  term  ^eetive  which 
was  recommended  in  1889  by  the  Paris  Congress  to  denote  the  sqi]are-rootK)f- 
mean-square  value.  I  adhere  to  it  mainly  because  the  adjective  effective  is  required 
in  its  usual  meaning  in  kinematics  to  represent  the  resolved  part  of  a  force  which 
acts  obliquely  to  the  line  of  motion,  tKe  effective  force  being  equal  to  the  whole 
force  multiplied  by  the  cosine  of  the  angle  at  which  it  acts  with  respect  to  the 
direction  of  motion. 
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maximum  values.  1    But  if  there  is  a  1^  ^  between  them,  then 

the  product  at  each  instant  must  be  multiplied  by  cos  0.     So 

that 

Mean  power  =  E  ▼irt.  x  1  virt  x  cos  ^, 

„        =  i  E  max.  X  i  max.  X  COS  ^, 
„        =  /a  virt.   X  R, 
=  E^  virt. -4-  R. 

If  we  square  the  expression  [IX.]  found  for  current  and 
substitute  for  the  square  of  the  sine  its  mean  value  i,  and 
then  multiply  by  R  we  get  as  the  mean  power  (in  watts) 


>»  ■ 


W  = 


27r««»S2'N«R 


R«+47r»«»L^' 

and  this  expression,  by  a  well-known  algebraic  rule,  will  be  a 
maximum  for  variations  of  R  when  R  is  such  that  the  two 
terms  in  the  denominator  are  equal,  or  when  the  resistance 
equals  the  inductance.  Under  these  circumstances  the  lag  is 
45°-  But  though  this  is  the  condition  for  highest  plant 
efficiency,  the  regulation  is,  under  these  circumstances,  bad. 
Hence  it  is  better  to  use  such  a  machine  for  lesser  currents 
than  those  which  would  produce  so  great  a  lag. 

Numerical  Example: — Let  an  impressed  electromotive-force  of 
65  (virtual)  volts,  alternating  with  a  frequency  of  50  periods  per 
second,  act  upon  a  circuit  having  resistance  1*5  ohm,  and  a  co- 
efficient of  self-induction  of  0*002  henry.  Find  the  lag,  the  current 
and  the  mean  power. 

To  find  the  lag,  we  must  find  the  inductance,  2  tt/^  L,  and  divide 
this  by  the  resistance ;  or 

tan^  =  27r«L-rR=  2  X  3'i4i6  X  50  X  0*002-7-  i'5  =  o'4i9. 

Looking  in  a  table  of  natural  tangents,  we  find  that  ^  will  be  22^  44'  \ 
whence  a  table  of  natural  cosines  gives  us  cos  ^  =  0*9223.      Or, 

'  On  the  question  of  measurement  of  the  mean  power  of  alternating  currents, 
see  papers  by  Prof.  Ayrton  and  others  in  PhiL  Mag.  and  in  Proc^  Roy.  Soc.  in 
1S91,  copied  into  most  of  the  technical  journals ;  also  papers  by  Swinburne  and 
Blakesley.  Blakesley's  method  of  the  three  electrodynamometers,  and  Ayrton's 
method  of  the  three  voltmeters,  ought  to  be  known  to  every  person  who  requires 
to  measure  power  in  alternate  current  circuits  and  machines. 
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Fig.  400. 


we  might  calculate  cos  ^  directly  as  R  -r  VR*  +  4  w*  «*  L*« 
Multiplying  cos  ^  into  the  65  volts,  we  get  59*95,  say  60,  as  the 
effective  virtual  volts,  and  dividing  by  the  resistance,  gives  40  virtual 
amperes  as  the  current  The  mean  power  is  65  x  40  X  0*9223  = 
2400  watts.  • 

Geometrically  this  is  given  in  Fig.  400. 

Let  O  A  be  65  to  any  scale,  the  impressed  (virtual)  volts.    De- 
scribe the  circle  of  radius  O  A,  and  the  semicircle  O  £  A.     Draw 

O  B  at  right  angles  to  O  A.    On  O  B 
set  off  O  R  on  any  convenient  scale 
of  resistance,  O  i  being  taken  as  i 
ohm.  Using  same  scale,  set  off  O  S 
or  R  F  at  right  angles,  equal  to  the 
inductance   2vffL  =  0*628.      Join 
OF.     ROF   is  the   angle  of  lag. 
Draw  £  O  at  right  angles  to  O  F, 
cutting  semicircle  in  K     £  O  A  is 
'  also  angle  of  lag,  hence  £  O  repre- 
sents effective  virtual  volts ;  and  A  £ 
the  cross-electromotive-force  of  self- 
induction  2  7r»L/.     Join  £R  and 
from  I  draw  i  C  parallel ;  C  O  wiU  represent  the  current    As  O  B 
is  O  A  turned  through  a  right  angle,  the  area  of  triangle  B  O  C  =  |^ 
O  A'O  C*  cos  AO  C  =  i  mean  power. 

We  are  now  in  a  position  to  explain  why  it  is  desirable  that  the 
induction  curves  of  alternators  should  follow  the  sine-form,  and  why 
wide  departures  therefrom  are  undesirable.  .  According  to  the  well- 
known  theorem  of  Fourier,  every  complex  single-valued  periodic  func- 
tion can  be  analyzed  down  into  a  series  of  simple  periodic  functions 
differing  in  amplitude  and  phase,  but  all  belonging  to  a  harmonic 
series,  having  frequencies  that  are  some  exact  multiple  of  a  single 
fundamental  frequency.  £very  complex  wave  curve  may  be  regarded 
as  built  up  of  sine  curves.  For  example,  the  curve  shown  in  Fig. 
4oid(  may  be  looked  upon  as. a  compound  of  the  two  dotted  sine 
curves,  one  of  a  frequency  three  times  that  of  the  other.  Now,  if 
this  complex  curve  represents  the  impressed  electromotive-force  of 
an  alternator  with  curiously-shaped  poles,  what  will  the  curve  of 
effective  electromotive-force  (or  of  current)  be  when  self-induction  is 
present  ?  The  amplitude  is  cut  down  in  proportion  nearly  to  the 
frequency  of  the  alternation.    Hence  the  component  ripple,  which 
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has  three  times  the  frequency,  will  be  damped  out  nearly  three  times 
as  much  as  the  fundamental  wave.'  In  Fig.  401  ^  are  shown  the  two 
waves,  as  altered  by  a  lag  of  41°,  which  cuts  down  the  fundamental 
to  075,  and  the  ripple  ,to  ©'35  of  their  respective  amplitudes;  the 
resultant  wave  being  also  shown.  It  is  evident  that  self-induction 
tends  to  smooth  out  the  ripples,  including  all  parts  of  the  wave  that 
do  not  fit  to  the  sine  form.     Hence  those  alternators  which  give 

Fig.  401. 


induction  ctrves  of  true  sine  form  are  less  alQfected  by  self-induction 
than  others,  regulating  better,  and  having  a  higher  plant-efficiency. 

Alternate  Currents  in  relation  to  Capacity. — If  a  condenser  is 
interposed  in  the  circuit  of  an  alternator,  an  alternate  current^  will 
play  into  and  out  of  the  condenser,  charging  it  in  alternate  directions. 
The  action  of  the  condenser's  capacity  on  the  current  is  best  summed 
up  by  saying  that  it  acts  like  a  negative  and  reciprocal  inductance. 
If  K.  be  the  capacity  of  the  condenser  (in  farads),  and  the  frequency 
be  /J,  then  it  will  act  like  a  (negative)  inductance  of—  i-r2flr«K 
henries.  The  effect,  therefore,  of  a  capacity  in  series  with  the  circuit 
is  to  accelerate  the  phase  of  the  current,  producing  a  lead  instead  of 
a  lag  in  the  current  A  capacity  acting  laterally  across  the  .circuit, 
as  when  a  condenser  is  placed  across  the  two  mains,  has  the  effect 
of  increasing  the  flow  of  current  from  the  dynamo  up  to  the  points 
on  the  circuit  which  are  connected  to  it,  and  therefore  of  raising  the 

*   See  investigation  by  Ayrton  and  Perry  in  Journal  Inst  Electrical  Engineers, 
xviii.  300,  1889. 
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virtual  potentials  of  those  points,  thereby  affecting  the  voltage  of  the 
rest  of  the  circuit  There  is,  for  a  given  frequency,  resistance  and 
self-induction,  one  particular  value  of  capacity  which  would  enor- 
mously increase  the  current  and  voltage  as  by  a  sort  of  resonance. 
These  various  condenser  effects  have  been  considered  by  various 
writers.  A  very  clear  exposition  of  them,  together  with  the  phe- 
nomena observed  on  the  Ferranti  mains  on  the  Deptford  supply  has 
been  given  by  Fleming.^ 

Watt-less  Current — Whenever  there  is  a  great  phase  difference 
between  volts  and  current  (whether  a  lag  due  to  self-induction  or  a 
lead  due  to  capacity),  the  true  watts  are,  as  has  already  been  pointed 
out,  much  less  than  the  apparent  value  that  would  be  obtained  by 
merely  multiplying  together  the  virtual  amperes  and  the  virtual  volts. 
For,  as  we  have  seen,  this  product  must  be  further  multiplied  by  the 
cosine  of  the  angle  of  lag  (or  lead).  Now  there  are  two  ways  of 
looking  at  this  matter,  the  product  Evin  X  /wt  X  cos  ^  may  be 
regarded  as  either  the  product  of  the  virtual  amperes  into  the  resolved 
part  (or  effective  part)  of  the  virtual  volts,  or  it  may  be  regarded  as 
the  product  of  the  virtual  volts  into  the  resolved  part  of  the  virtual 
amperes.  Just  as  any  force  may  be  resolved  into  two  component 
forces  at  right  angles  to  one  another,  so  any  alternating  current  may 
be  resolved  into  two  component  alternating  currents  differing  90^  in 
phase.  Or  /  may  be  resolved  into  two  parts,  /  cos  0  agreeing  in 
phase  with  the  volts,  and  /  sin  ^  in  quadrature  with  the  volts.    These 

two  resolved  parts  of  the  current  may  be  termed 
Fig.  402.  the  working-current  and  the  watt-less  current. 

In  Fig.  402  O  E  represents  the  effective  part  of 
the  impressed  electromotive-force  O  A.  Of  O  E 
a  part  O  I  is  found,  as  described  on  p.  634,  to 
''  represent  the  current  /.  Of  this  current  the 
resolved  part  O  W,  in  phase  with  O  A  is  the 
working  current,  and  the  part  O  U,  which  is  in 
quadrature  with  O  A,  is  the  watt-less  current. 
Whenever,  for  either  cause,  the  angle  of  lag  is 
great,  the  watt-less  part  of  the  current  will  be 
great  also.  For  example,  when  transformers  are  left  on  open  circuit, 
the  current'  in  the  primary  is  nearly  in  quadrature  (owing  to  self- 
induction)  with  the  impressed  volts,  and,  if  it  were  not  for  hysteresis 
or  eddy-currents  in  the  iron  cores,  would  be  almost  entirely  watt-less. 
For  example,  if  there  is  a  current  of  100  virtual  amperes  lagging 
14°  behind  the  impressed  volts,  this  may  be  resolved  into  a  working 

*  youmal  InsU  Electr.  Engineers,  xx.  362,  1 89 1. 
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ciurrent  of  97*03  virtual  amperes,  and  a  watt-less  current  of  24*2 
virtual  amperes. 

High  Frequency  AUemations, — ^Alternations  of  very  high  periodi- 
city, going  up  to  as  many  as  10,000  or  20,000  per  second,  have 
been  studied  by  Spottiswoode,^  and  more  recently  by  Tesla,^  who 
has  obtained  some  very  remarkable  effects.  One  of  his  alternators 
was  of  the  same  type  as  Morde/s,  having  numerous  polar  pro- 
jections on  either  side,^  and  anotiier  was  of  the  inductor  type.  With 
these  excessively  high  frequencies  the  currents  flow  almost  exclusively 
along  the  surface  layers  of  conductors,  instead  of  flowing  through 
their  entire  cross-section;  even  straight  rods  of  copper  offering  a 
relatively  enormous  impedance. 

Torque  of  AUemaiors. — ^A  very  singular  result  follows  the  presence 
of  any  lag  in  the  current  of  an  alternator.  It  was  pointed  out  on 
p.  554,  that  where  amperes  flow  with  the  volts,  electric  eneigy  is 

Fig.  403. 


Effect  of  Lao  of  Current. 


being  supplied  by  the  machine,  and  power  must  be  applied  to  drive 
it;  but  that  when  amperes  flow  against  a  counter  electromotive- 
force,  there  electric  energy  is  leaving  the  circuit  and  being  turned 

*  J^roe,  Roy,  Sac.,  xxiiL  455. 

*  Amauan  InsU  Eieetrical  Engineers,  May  1 891.    See  Electrical  World,  xvi., 
1891,  and  The  Electrician,  xzvi.,  549,  1891. 

*  See  Electrical  Engineer  {li.Y.)f  March  18,  1891. 
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into  mechanical  energy,  helping  to  drive  the  machine.     The  one  is 
the  case  of  the  generator,  the  other  that  of  the  motor.     But  now 
consider  an  alternator  with  the  amperes  lagging  behind  the  volts,  as 
indicated  by  the  diagram  of  Fig.  403.    It  is  clear  that  in  consequence 
of  this  lag  the  amperes  are  sometimes  flowing  against  the  volts 
instead  of  with  them.     In  fact,  we  may  divide  each  complete  period 
such  as  O  X  into  four  parts,  during  two  of  which,  namely  II.  and  IV. 
in  Fig.  403,  the  amperes  and  volts  are  alike  in  direction,  either  both 
positive,  or  else  both  negative  j  during  the  other  two  parts — namely 
I.  and  III. — the  amperes  and  volts  are  opposed  in  direction  because 
the  volts  have  reversed  in  sign,  but  the  lagging  amperes  have  not  yet 
changed.    Now  during  the  partial  periods  II.  and  IV.,  when  there  is 
agreement  in  sign,  the  machine  is  in  the  condition  of  being  a 
generator,  a^d  will  require  to  be  driven,  the  currents  in  the  armature 
setting  up  a  counter  torque.    But  during  the  other  partial  periods  I. 
and  III.,  when  there  is  opposition  in  sign,  the  machine  is  in  the 
condition  of  being  a  motor,  and  will  tend  to  drive  itself,  the  torque 
helping  it  on.     The  conductors  are  consequently  subjected  to  a 
racking  action,  alternately  resisting,  being  driven  and  then  helping 
to  drive  twice  in  each  period.     It  is  clear  that  if  there  is  little  lag 
there  will  be  little  motor  action,  the  partial  periods  I.  and  III.  being 
brief;  whereas  if  there  is  much  lag  the  motor  action  will  increase. 
If  there  is  a  lag  of  exactly  a  quarter  of  a  period,  the  motor  and 
generator  actions  will  be  equal.    Similarly,  if  in  consequence  of 
capacity  the  current  leads  in  phase,  there  will  be  motor  action  in 
partial  periods.     This  subject  may  be  considered  in  another  way. 
The  electromotive-forces  change  sign  just  as  the  conductors  are 
passing  (for  example,  take  Fig.  412,  p.  646)  from  one  magnetic  field 
into  another,  where  the  lines  run  in  an  opposite  direction.    If  the 
currents  are  in  phase  with  the  electromotive-forces,  they  will  always 
tend  to  oppose  the  motion  that  generates  them.    But  if  they  lag  then 
after  the  conductor  has  passed  from  one  field  to  the  other  imtil  such 
time  as  the  currents  have  reversed,  they  will  be  helping  on  the 
motion. 

Measurement  of  Power  in  Alternating  Circuits. — On  this  important 
topic  see  remarks  on  p.  633. 
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CHAPTER  XXIII. 

ALTERNATORS. 

Alternators,  or  alternate-current  dynamos,  may  be  classi- 
fied in  three  sorts  : — 

I.  Those  with  stationary  field-magnet  and  rotating 
armature. 

II.  Those  with  rotating  field-magnet  and  stationary 
armature. 

III.  Those  with  both  field-magnet  part  and  armature 
part  stationary,  the  amount  of  magnetic  induction  from  the 
latter  through  the  former  being  caused  to  vary  or  alternate  in 
direction  by  the  revolution  of  appropriate  pieces  of  iron,  called 
inductors. 

Alternators  may  also  be  classified  according  to  whether 
they  give  simple  two^phase  currents,  or  are  multiphase. 

In  all  alternators  the  electromotive-force  rises  and  falls  in 
a  rapid  periodic  fashion,  a  wave  of  electricity  being  forced 
through  the  circuit,  first  in  one  direction,  then  in  the  other,  with 
very  great  rapidity.  The  time  taken  for  one  complete  alterna- 
tion to-and-fro  of  the  current  is  called  oneperiod.  The  number 
of  such  complete  periods  or  double-reversals  of  the  current  in 
a  second  is  called  the  frequency  ^  or  sometimes  the  periodicity, 
of  the  alternations.  The  frequency  used  in  practice  varies 
between  40  periods  per  second  to  100  or  sometimes  150 
periods  per  second  ;  but  each  machine  is  expected  to  work  at 
its  own  proper  frequency.  The  symbol  #%*  is  sometimes  used 
for  the  frequency  instead  of  the  letter  n.  Thus,  100  #%f  stands 
for  a  frequency  of  100  complete  periods  per  second,  /.  ^.100 
positive  currents  or  half-waves,  each  followed  by  a  negative 
half-wave.  The  symbol  n  used  for  the  number  of  revolutions 
per  second  in  the  formulae  for  direct-current  dynamos  is  also 
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used  for  the  number  of  periods  per  second  in  formulae  for 
alternate  currents ;  as  it  corresponds  to  the  number  of 
complete  alternations  there  would  be  if  the  dynamos  had  but 
one  pair  of  poles.  As  it  is  requisite  in  alternate-current 
working  to  have  so  many  alternations  in  every  second,  and  as 
mechanical  considerations  forbid  very  high  speeds,  it  is  the 
general  practice  to  make  this  class  of  machines  multipolar, 
with  a  considerable  number  of  poles  of  alternate  polarity 
arranged  symmetrically  around  a  common  centre.  The 
number  of  symmetrical  poles  in  machines  of  different  systems 
varies  from  12  to  48,  or  more. 

The  armatures  of  alternators  may  be  of  ring,  drum,  pole, 
or  disk  type  ;  but  in  all  cases  the  grouping  of  the  windings  is 
different  from  that  which  would  be  adopted  for  a  direct-current 
dynamo.  The  field-magnet  being  multipolar,  a  section  of  the 
armature  winding  which  is  passing  a  N-pole  will  have  currents 
induced  in  it  that  circulate  in  an  opposite  ^ense  to  those 
induced  in  a  section  which  is  at  the  same  moment  passing  a 
S-pole.  Hence  in  an  alternate-current  ring  the  successive 
sections  must  be  either  wound  or  connected  so  as  to  be 
alternately  right-handed  and  left-handed.  In  alternate- 
current  drums  the  sections  do  not  overlap  one  another  as  in 
ordinary  drum  armatures ;  nor  do  they  overlap  in  alternate- 
current  disk  armatures. 

Ring  Armatures. — ^This  type  was  invented  in  1878,  almost 
simultaneously  by  Gramme^  and  by  Wilde,'  the  main  differ- 
ence between  them  being  that,  whilst  Gramme  rotated  his 
field-magnet  within  a  large  stationary  ring,  Wilde  rotated  his 
ring  armature  within  an  external  system  of  inwardly  pointing 
field-magnet  poles  (see  Fig.  1 20,  No.  28).  When  ring  armatures 
are  used  in  this  type  of  dynamo,  they  must  not  be  wound  in 
the  same  manner  as  for  continuous-current  armatures.  If 
the  successive  sections  are  to  be  connected  up  consecutively, 
then  they  must  be  wound,  as  shown  in  Fig.  404,  alternately 
with  right-handed  and  left-handed  windings.  If  all  the 
sections  are  coiled  right-handedly,  then  they  must  be  con- 
nected, as  shown   in  Fig.  405  ;   for  the  electromotive-force 

'  Specification  of  Patent,  953  of  1878.  '  IHcL,  1228  of  1878. 
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induced  in  a  coil  as  it  passes  under  a  north  pole  will  circulate 
around  the  armature  core  in  an  opposite  direction  to  that 


Fig.  405. 


Vili^ 


Ring-armature  Windings  for  Alternators. 


Fig.  406. 


Gramme  Alternator. 


in 


iduced  in  the  neighbouring  coil  that  is  passing  under  a  south 


p)o]e. 


A  diagram  of  the  Gramme  alternator  is  shown  in  Fig.  40O 

2  T 
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The  sections  of  the  winding  of  this  machine  were  four  times 
as  numerous  as  the  poles,  and  might  be  coupled  to  feed  four 
separate  circuits.  It  is  clear  that  the  revolving  poles  would 
come  past  the  four  adjacent  sections  successively,  so  that  the 
four  alternating  currents  generated  would  differ  in  phase  from 
one  another.  One  form  ofGramme  alternator,  designed  for  use 
with  Jablochkoffs  candles,  and  made  auto-exciting  by  the  addi- 
tion of  a  small  direct-current  dynamo  on  the  same  shaft,  was 
depicted  in  the  former  editions  of  this  book.  Another  ring 
alternator,  by  De  Meritens,  with  permanent  steel  magnets 
was  a  favourite  about  1879.  Another  design,  with  external 
magnet,  is  shown   in  Fig.  407,  which  closely  resembles  the 


Magnetic  Circuits  op  AlteknatOk. 

form  used  by  Messrs.  Ernest  Scott  and  Mountain.  In  this 
figure,  the  magnetic  circuits  are  traced  to  guide  the  designer 
in  calculating  out  the  exciting  power.  It  will  be  noticed  that 
the  inner  wires  of  the  ring  perform  no  active  inductive  part ; 
also  that  the  currents  In  adjacent  sections  flow  reversely. 

In  Kapp's  alternator,  Fig.  421,  p.  655,  the  ring  lies 
between  a  double  crown  of  field-magnet  poles.  Other  ring 
alternators  have  been  designed  by  Kennedy,  who  uses  a  dis- 
coidal  ring  between  alternately-spaced  alternate  poles  within 
an  iron-clad  magnet ;  and  by  Mordey  who  has  su^ested  a 
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form  with  two  Pacinotti  rings,  one  laminated  as  armature, 
one  non-laminated,  as  field-magnet 

Drum  Armatures. — A  glance  at  Fig  407  will  show  that, 
so  far  as  the  active  wires  are   concerned,  they  might   be 

Fis.  40S. 


WisTiNGHOusE  Alternator. 


coupled  up  quite  as  effectively  without  being  wound  around  a 
ring  core.  In  Fig.  408,  which  is  a  diagrammatic  picture  of 
the  Westtnghouse  alternator,  the  windings  lie  on  the  out- 
side of  a  drum-core  ;  the  sections  being  coiled  separately  on 


Fio,  409. 


Elwsll-Parker  Alternator. 

temporary  frames  and  then  laid  upon  the  surface  of  the  core, 
with  the  ends  turned  down  over  the  end  core  disks  and  firmly- 
secured. 

It  is  but  a  step  from  this  form  to  that  of  Fig.  409,  whitA 
2  T  2 
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has  an  internal  revolving  field-magnet,  and  as  armature  an 
external  cylinder  built  of  segmental  core-plates,  against  the 
inner  periphery  of  which  the  armature  coils  are  fastened. 

Again,  it  is  but  a  step  from  this  form  to  Fig.  410,  which 
shows   the  construction  of  Zipemowsky,  in  which  the  field- 


Ganz-Zipernowskv  Altbrnatok. 

magnet  cores  are  made  up  of  U-shaped  stampings,  and  the 
armature  cores  of  short  T-shaped  pieces  which  project 
through  the  coils,  and  are  removable  singly.  We  are  thus 
passing  away  from  the  drum  type  toward  that  with  pole 
armature. 

Pole-Armatures. — The  typical  pole-alternator  is  the  now 
obsolete  machine  of  Lontin,  a  skeleton  diagram  of  which  is 
given  in  Fig.  411.  In  this  machine  the  field-magnet  (sepa- 
rately excited  with  a  continuous  current)  consisted  of  a  set 
of  radiating  poles,  and  it  rotated  within  an  outer  set  of  coils 
\vhich  served  as  a  fixed  armature.  These  coils  were  wound 
upon  short  cores  of  solid  iron.  This  machine  had  many  defects, 
not  the  least  of  which  was  the  great  mass  of  iron  in  which  so 
many  internal  eddy  currents  were  induced  that  the  machine 
was  very  prone  to  become  overheated.  Indeed,  it  required 
more  power  to  drive  it  on  open  circuit  than  when  the  machine 
was  supplying  its  maximum  number  of  lamps. 

A  modification  of  this  machine,  having  laminated    iron 
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cores  in  the  armature  part,  has  been  used  by  Kennedy  and 
others.  Hopkinson*s  alternator,  Fig.  425,  p.  664,  is  an  inversion 
of  this  design,  the  field-magnet  being  fixed  and  external. 


Fig.  411. 


Principle  op  Pole  Alternator. 


Disk  Armatures. — In  these  machines  the  armature  coils 
are  arranged  around  the  periphery  of  a  disk.  The  old 
machines  of  Nollet  and  Holmes,  and  the  so-called  "  Alliance '' 
machine  (all  of  which  had  permanent  magnets  of  steel), 
belonged  to  this  class.  The  more  modem  type,  with  electro- 
mag^nets,  was  created  by  Wilde,  in  1867.  The  field-magnets 
consist  of  two  crowns  of  fixed  coils,  with  iron  cores  arranged 
so  that  their  free  poles  are  opposite  to  one  another,  with  a 
space  between  them  sufficiently  wide  to  admit  the  armature. 
Fig.  412.  The  poles  taken  in  order  round  each  crown  are 
alternately  of  N  and  S  polarity ;  and  opposite  a  N-pole  of 
one  crown  faces  a  S-pole  of  Ae  other  crown.  This  descrip- 
tion will  apply  to  the  magnets  of  the  alternate-current 
machines  of  Wilde  and  Siemens,  and  to  Ferranti's  alternator. 
The  principle  will  be  best  understood  by  reference  to  Fig.  412, 
which  gives  a  general  view  of  the  arrangement.  Since  the 
magnetic  lines  run  in  opposite  directions  between  the  fixed 
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coils,  which  are  alternately  S — N,  N — S,  as  described  above, 
the  moving  coils  will  necessarily  be  traversed  by  alternating 
currents ;  and  as  the  alternate  coils  of  the  armature  will  be 
traversed  by  currents  in  opposite  senses,  it  is  needful  to  con- 
nect them  up,  as  shown  in  Figs.  416  or  417,  so  that  they  shall 
not  oppose  one  another's  action.    In  Wilde's  alternator,  the 

FtG.  412. 


Principle  of  Disk  Altbrhatob. 

armature  coils  had  iron  cores,  and  the  machine  was  provided 
with  a  commutator  on  the  principle  indicated  in  Fig.  419, 
p.  652.  This  commutator  Wilde  usually  applied  to  a  few,  or 
only  one,  of  the  rotating  coils,  and  utilized  the  current  thus 
obtained  to  magnetize  the  field-magnets.  The  two  contact- 
rings  for  collecting  the  main  current  are  also  shown  in  the 
figure. 

Siemens  improved  the  design  in  1878,  by  omitting  the  iron 
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from  the  cores  of  the  armature,  which  he  narrowed  greatly, 
thus  diminishing  its  reactions.     Ferranti's  alternators  follow 


Wilde's  Alternatok. 


Ferranti's  Alternator. 


the  same  plan,  the  copper  coils  being  built  up  into  a  thin  disk, 
as  indicated  in  Figs.  414  and  415. 
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Collecting-Rings. — For  collecting  the  main  current  of  the 
alternator,  extremely  simple  means  are  required.  In  those 
machines  in  which  the  armature  part  is  fixed,  mere  terminals 
are  required.  In  machines  with  rotating  armatures  simple 
sliding  connexions  are  required.  The  usual  method  of  collect- 
ing is  shown  in  Fig.  416.  Two  undivided  insulated  metal 
rings,  forming  the  terminals  of  the  armature  coil,  slide  each 
under  a  single  collecting-brush. 

Fig.  416. 


/  /f 


Collecting-rings  of  Alternators. 

Where  high  voltages  are  used  the  two  contact  rings 
should  be  so  placed  that  by  no  accident  can  an  attendant 
touch  both  at  the  same  time.'  It  is  also  well  to  provide  two 
brushes  to  each  ring.  For  alternators  with  stationary  arma- 
tures a  sfmilar  but  smaller  pair  of  contact-rings  suffice  to 
carry  the  exciting  current  to  the  revolving  .field-magnets. 
The  special  devices  of  Ferranti  for  collecting  are  described 
later. 

Coupling  Armature  Coils. — There  are  various  ways  of 
coupling  up  the  coils  of  alternators,  according  to  their  purpose. 
For  low  voltage  work  the  coils  may  be  coupled  up  in  parallel 
as  in  Fig.  417,  so  as  to  reduce  the  internal  resistance ;  whilst 
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for  supplying  distant  transformers  and  for  transmission  of 
power,  in  both  of  which  cases  high  electromotive-force  is 
required,  the  more  usual  mode  of  connecting  is  to  join  the 
several  coils  in  series,  as  in  Figs.  416  and  418.  In  Chapter 
XII.,  on  the  theory  of  armature  winding,  it  was  shown  (see 
Figs.  202  and  203)  how  either  a  lap-winding  or  a  wave-wind- 
ing might  be  applied  to  an  alternator.  The  use  of  a  wave- 
winding  for  this  purpose  was  suggested  almost  simultaneously, 


4-  X^ 

Different  Modes  of  Coupling  up  Armature-coils  of  Alternators. 

in  1 88 1,  by  Sir  William  Thomson,  and  by  Mr.  Ferranti.  But 
there  are  disadvantages  in  its  use  for  high  voltages,  owing  to 
the  difficulty  of  maintaining  the  insulation  between  each 
•*  wave  *'  and  the  succeeding  one,  and  it  has  been  abandoned 
in  favour  of  a  lap-winding,  in  which  each  coil  can  be  well 
insulated  by  itself  from  its  neighbours.  In  some  alternators 
— including  those  of  Ferranti  and  Westinghouse — the  coils 
are  joined  in  two  parallels,  not  all  in  series,  a  construction 
which  *has  the  result  of  keeping  the  points  of  greatest 
potential  difference  widely  apart. 
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Width  of  Pole  Faces  and  Breadth  of  Armature 

Windings. 

The  distance  from  the  centre  of  one  N-pole  to  that  of  the 
adjacent  S-pole  may  be  called  the  pitch  of  an  alternator.    It 
IS  desired  to  know  what  is  the  best  proportion  for  the  pole- 
faces  and  the  windings  to  bear  to  the  pitch.    This  matter  has 
been  discussed  by  Kapp.^     It  involves  two  questions — (i) 
in  what  way  will  the  voltage  depend  on  the  relative  width  of 
poles  and  breadth  of  windings  ;  (2)  what  proportions  will  give 
the  highest  plant-efficiency.     If  the  poles  are  too  wide,  so  as 
nearly  to  touch,  not  only  is  there  great  leakage,  but  the  coils 
must  be  inconveniently  crowded.     It  is  obvious  that  for  any 
coil  to  give  its  best  result  it  should  be  so  large  as  to  embrace 
the  whole  flux  of  magnetic  lines  from  each  pole  as  it  passes. 
If  it  is  smaller,  it  contributes  less  to  the  total  voltage.     If  it 
is  larger  it  merely  takes  more  space.     Hence  it  is  usual  to 
make  the  width  of  the  internal  aperture  of  the  coils  but  little 
less  than  the  width  of  the  pole,  and  to  make  the  external  width 
equal  to  the  pitch.     Compare  Figs.  407,  408,  and  409,  in  the 
first  two  of  .which  the   inner  width  is   rather  less,  and  in 
the  third  rather  greater  than  that  of  the  pole-faces,  whilst  the 
double  breadth  of  copper  in  the  coils  is  about  equal  to  the 
width  of  the  poles. 

It  has  been  shown  on   p.  211  that  the  average  electro- 
motive force  of  a  continuous  current  dynamo  may  be  written 

E  =r  «  C  N  -f  I0« ; 

where  n  was  the  number  of  revolutions  per  second,  C  the 
number  of  conductors  around  the  armature,  and  N  the 
magnetic  flux.  We  may  adapt  this  to  alternators,  whilst 
keeping  the  two  former  symbols,  and  using  N  for  the 
magnetic  flux  through  any  one  pole,  by  multiplying  by  / 
the  number  of  pairs  of  poles,  and  by  a  coefficient  k. 
So  we  have 

E  (virtual  volts)  =^  kpnCH^  I0«. 

'  Proc.  InsiUution  Civil  Engineers ^  xcvii.  1889,  pt.  iii. 
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If  the  fluctuations  follow  a  sine  curve,  so  that  the  virtual 
volts  are  i  •  i  times  greater  (see  p.  631)  than  the  average  volts, 
the  coils  are  all  joined  in  series  (instead  of  two  parallels),  and 
k  will  have  the  value  2 '2.  The  value  of  ^  for  various  widths 
of  poles  and  breadths  of  coils  has  been  calculated  by  Kapp, 
with  following  results : — 


Pole  width. 

Total  breadth  of  Copper  in  Coil. 

k 

I.  Eqnal  to  pitch 

Equal  to  pitch  (covering  whole  surface) 

1*160 

3.  Equal  to  pitch 

Half  of  pitch  (covering  half  surface) 

1-635 

3.  Half  of  pitch 

Equal  to  pitch  (covering  whole  surface) 

1-635 

4.  Half  of  pitch 

Half  of  pitch  (covering  half  surface) 

2*300 

5.  Third  of  pitch 

Third  of  pitch  (covering  third  of  surface) 

2*830 

If  there  were  no  spreading  of  the  magnetic  field,  No.  4  of 
these  would  be  best  (being  also  nearest  sine-law).  The  useful 
breadth  of  wires  is  that  which  would  just  lie  between  the 
pole-tips.  The  output  of  a  machine  having  a  given  thickness 
of  copper  in  the  gap  is  proportional  to  the  number  of  such 
wires  to  width  of  the  pole-face ;  therefore  to  the  product  of 
the  two  breadths,  the  sum  of  which,  if  there  were  no  magnetic 
spreading,  would  equal  the  pitch.  Hence  the  output  would 
be  a  maximum  when  the  breadth  of  coils  and  width  of  poles 
were  each  half  the  pitch.  But  Elihu  Thomson  has  found  by- 
experiment  that,  owing  to  the  distortion  of  the  magnetic  field 
when  the  machine  is  running,  there  is  an  advantage  in  making 
the  breadth  of  copper  greater  than  this,  that  is  by  diminishing 
the  aperture  of  the  coils  to  something  less  than  one-half  the 
width  of  the  pole-face. 

There  has  been  much  controversy  whether  armatures 
should  or  should  not  have  iron  cores.  Iron  cores  are  certainly 
inadmissible  in  thin  disk  armatures,  as  they  would  inevitably 
jamb  gainst  the  pole-faces.  Owing  to  the  high  frequency  of 
alternation,  the  loss  by  hysteresis  in  machines  with  iron  cores 
becomes  serious,  unless  the  magnetization  is  kept  down  below 
JQOO  lines  per  sq.  cm,,  and  even  then  is  not  negligible.     On 
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the  other  hand,  there  is  more  loss  by  eddy  currents '  in  the 
copper  in  machines  not  having  iron  cores. 


Modes  of  Excitation  of  Field-magnets. 

In  the  older  machines  the  field-magnets  were  either  of  steel 
permanently  magnetized,  or  else  electromagnets  separately 
excited.  About  1869  began  the  practice  of  making  these 
machines  self-exciting  by  the  method  of  diverting  a  small 
current  from  one  or  more  of  the  armature  coils,  which  were 
for  this  purpose  separated  from  the  rest,  this  current  bdng 
passed  through  a  commutator,  which  rectified  the  alternations 
and  made  it  suitable  for  magnetizing  the  field-magnets.  Such 
commutators  were  used  by  Wilde  and 
iG.  419.  jj^  Holmes,  and  have  in  general  the 

form  depicted  in  Fig.  419,  consisting 
of  two  metal  cylinders  cut  like  crown- 
wheels, having  the  teeth  of  one  pro- 
jecting between  the  teeth  of  the  other. 
They  are  insulated  from  one  another, 
one  being  connected  to  one  end  of  the 
wire  of  the  armature  coils  that  are  to 
be  used  for  exciting,  whilst  the  other 
is  connected  to  the  other  end  of  that 
wire.     Two  brushes  are  set  so  that  one 
presses  against  a  tooth  of  one,  whilst  the  other  presses  against 
a  tooth  of  the  other  part.     Such  commutators  had  previously 
been  used   in    small   motors.*      Holmes    used   a  system  of 
parallel  bars  (like  the  Gramme  collector)  connected  blether 
alternately  into  two  sets.     If  the  field-magnets  are  wound  with 
fine  wire,  such  a  commutator  may  be  used  to  rectify  a  fraction 
of  the   current  from   the  whole  of  the  armature  coils,  thus 
making  the  machine  virtually  a  self-exciting  machine.     It  is, 
however,  more  usual  to  supply  each  alternator  with  a  small 
auxiliary  continuous-current  dynamo,  termed  its  excite. 

A  convenient  way  of  regulating  the  current  or  potential  of 
'  See  remarks  by  Eliha  Thomson  in  comment  on  Kapp's  paper,  lee.  rit. 
*  See  Joule,  in  Sturgeon's  Antmli  qf  EUctricily,  iL  isa,  1838. 
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Fig.  420. 


alternators  is  to  interpose  a  variable  resistance  in  the  exciting 
circuit;  the  resistance  being  operated  by  hand  or  by  some 
automatic  regulator  (see  Chapter  XXVIL).  This  method  is 
applicable  either  to  separately  excited  or  to  self-exciting 
machines.  In  the  case  where  separate  exciters  are  used,  the 
performance  of  the  alternator  may  be  regulated  by  controlling 
(by  variable  resistances,  &c.)  the  exciting  circuit  of  the  exciter. 

Alternators,  when  intended  for  supplying  glow-lamps  at 
constant  pressure,  whether  direct  at  low  voltage,  or  by  trans- 
formers at  high  voltage,  are  usually  constructed  with  such  low 
resistance  in  the  armature  part,  and  with  so  low  a  coefficient 
of  self-induction,  that  they  would  be  almost  self-regfulating  if 
it  were  not  for  the  demagnetizing  influence  of  the  armature 
currents.  This  may  be  con- 
siderable, and  is  an  eflect 
closely  akin  to  self-induction. 
For  supplying  lamps  in  series 
with  a  constant  current  a 
somewhat  different  type  of 
alternator  is  needed,  having 
considerable  self-induction  in 
the  armature.  This  is  attained 
by  winding  the  armature  coils, 
not  on  the  outside  of  the  core, 
but  deeply  embedded  in  it, 
or  wound  on  long  core-plates 
to  give  considerable  magnetic 
inertia. 

The  demagnetizing  in- 
fluence of  the  armature  cur- 
rent has  been  studied  by 
Esson,^  who  has  determined 
(Fig.  420)  the  external  cha- 
racteristic   of    an    alternator 

when  separately  excited  with  different  amounts  of  current. 
The  three  curves  correspond  to  the  three  cases  when  the  sepa- 
rate  exciting   current  measured   respectively  24,  12,  and  6 

*  See  Electrical  Review^  xviii.  p.  248,  March  1886. 
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amperes.  The  effect  of  the  armature  current  is  most  marked 
when  the  field-magnets  are  weakly  excited,  and  apparently 
roughly  in  proportion  to  the  square  of  the  armature  current  In 
the  Mordey  alternator  (p.  273)  the  field-magnet  is  so  powerful 
that  the  diminution  of  the  electromotive-force  from  this  cause 
with  the  full  current  is  less  than  3  per  cent  of  the  whole,  the 
resulting  droop  in  the  characteristic  being  extremely  slight. 
Swinburne^  has  also  discussed  armature  reactions. 

Some  load-curves  for  an  alternator  have  been  given  by 
Kapp  (Joe,  cit,),  and  should  be  compared  with  Fig.  287,  p.  435. 

Esson  finds  that  the  output  of  alternators  may  be  expressed 
in  terms  of  the  armature  dimensions  and  speed  as  follows  : — 

Output  (watts)  =  0*0296  {PLn, 

where  d  is  diameter  and  L  length,  in  centimetres,  and  n  the 
number  of  revolutions  per  second.  This  is  about  40  per  cent, 
of  the  output  of  a  direct-current  dynamo  of  equal  dimensions. 


Examples  of  Alternators. 

Kappas  Alternator, — A  modem  alternator  with  ring-arma- 
ture is  that  of  Mr.  Gisbert  Kapp.  This  pattern  has  been 
constructed  by  the  Oerlikon  Machine  Works,  by  Messrs. 
Goolden,  and  by  Messrs.  Johnson  and  Phillips.  It  differs 
from  most  other  alternators  in  having  double  magnetic  circuits. 
The  machine  depicted  is  a  30-kilowatt  machine,  having  an 
output  of  15  amperes  at  2000  volts,  at  700  revolutions  per 
minute.  The  field-magnet  consists  of  two  crowns,  of  12  poles 
each,  alternately  N  and  S,  but  each  N-pole  in  one  crown  is 
opposite  a  N-pole  of  the  other  crown ;  so  that  the  magnetic 
lines  entering  the  ring  from  both  faces  stream  laterally 
through  the  core.  The  armature  core  consists  of  annealed 
strip  iron  2*5  inches  (=6*35  cm.)  wide,  and  0*025  inch 
(=  0*063  c™0  thick,  which  is  wound  up,  with  paper  between, 
upon  a  strong  foundation-ring  of  cast  iron  28  inches  (=  71*1 
cm.)  in  diameter.    The  radial  depth  of  the  core  is  8  inches 

*  Journal  Inst,  Electrical  Enghuers^  xx.  173,  1891. 
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C  =  2o*3  cm.)  and  the  actual  cross-section  of  iron  in  it  16 
square  inches  (=  103-2  sq.  cm.).  Driving-horns  of  ebonite 
are  inserted  at  intervals,  and  the  coils  are  separated  from  the 
core-iron  by  a  liberal  use  of  mica  and  paper,  and  are  prevented 
from  cutting  at  the  outer  edge  by  the  insertion  of  a  rounded 

Fic  421. 


Kaff's  Alternator. 

rim  of  mah<^any.  On  the  ring  are  wound  twelve  coils,  each 
of  a  breadth  a  trifle  less  than  half  the  pitch,  and  of  about  100 
turns  each,  the  total  number  being  1 190  turns.  The  ends  are 
strained  down  through  insulating  bushes  that  pass  through 
eyes  in  the  foundation-ring,  and  are  joined  up  to  put  the  whole 
1 190  turns  in  series.     The  resistance  (warm)  is  7  ohms. 
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The  24  magnet-cores  of  wrought  iron  are  each  3|  incjies 
diameter,  having  a  sectional  area  of  1 1  '04  square  inches.  They 
are  provided  with  polar  expansions  of  nearly  rectangular  form, 
about  7j  inches  by  4  inches,  giving  polar  area  of  29  square 
inches.  The  depth  of  polar  gap  from  iron  to  iron  is  about 
o*  5  inch.     The  yoke-rings  are  of  cast  iron. 

As  self-induction  in  such  a  ring  is  considerable,  preliminary 
experiments  were  needed  to  show  what  allowance  must  be 
made  for  this  in  the  excitation.  When  run  on  short  circuit, 
and  with  field-magnets  separately  excited  to  a  degree  that 
would  have  given  the  armature  an  electromotive-force  of  1540 
volts  on  open  circuit,  the  armature  current  was  25  amperes 
Hence  it  was  concluded  that  when  the  armature  current  is 
1 5  amperes,  there  will  be  a  self-induced  electromotive-force  of 
925  volts.  Hence,  as  these  will  be  in  quadrature  with  the 
effective  volts  (which  are  desired  to  be  about  2100),  we  may 
suppose  that  at  the  machine's  full  load  the  impressed  electro- 
motive-force will  have  to  be 


\/92S*  +  2100^  =  2295. 

Applying  the  formula,  p.  650,  and  assuming  >fe  =  2*3,  we 
get  N  =  1,250,000  as  the  number  that  must  be  cut  at  each  of 
the  12  poles,  or  625,000  to  flow  through  each  of  the  24  polar 
faces.  This  makes  B^,  =  39,120  in  the  armature  core,  and 
57,000  in  the  magnet  core.  To  produce  this  magnetization 
an  exciting  current  of  about  8  •  7  amperes  is  required  in  the 
field-magnet  coils,  the  total  resistance  of  which  is  about  1 1  •  2 
ohms  (warm).  Hence  the  power  wasted  in  the  field-magnet 
is  about  850  watts,  or  2*83  per  cent,  of  total  output 

In  Plate  XXH.  are  given  drawings  of  another  Kapp 
alternator,  built  at  the  Oerlikon  Works.  This  is  an  80  HP. 
machine,  running  at  600  revolutions  per  minute,  yielding 
30  amperes  at  2000  (virtual)  volts,  and  weighing  3J  tons. 
Upon  the  same  bed-plate  is  mounted  an  exciter.  The  field- 
magfnet  consists  of  two  crowns,  of  14  cylindrical  wrought- 
iron  magnets  each,  with  rectangular  pole-pieces.  In  each 
field-coil  there  are  186  turns,  with  total  resistance  i  ^j6  ohm. 
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taking  21  amperes  to  excite  fully.  The  ring  has  upon  it 
14  coils  of  treble  cotton-covered  wire,  O'  120  inch  in  diameter, 
80  turns  each  in  two  layers :  total  resistance  i  ■  8  ohm. 

For  the  Metropolitan  Supply  Company.  Mr,  Kapp  has 
designed  some  larger  machines,  giving  60  amperes  at  2000 
volts,  at  600  revolutions  per  minute.  The  following  are  par- 
ticulars of  these  machines : — Number  of  poles,  20.  Frequency 
=  100  mt.  Armature  :  foundation-ring,  42  inches  diameter ; 
core,  2j  inches  wide  by  9  inches  deep  ;  winding  20  coils  each 
40  turns  of  copper  tape,  united  in  one  series,  r.  =  0'926 ;  or 
if  joined  in  two  series,  r.  =  0'23i7,  and  output  is  then  I20 
amperes  at  1000  volts.  Field-magnet  cores,  8J  inches  long, 
■^J  inches  diameter ;  pole-shots,  8  inches  by  3i  inches  ;  coils, 
144  turns  each;  total  resistance,  2 -26  ohm  ;  and  carry  exciting 
current  22  amperes  to  25  amperes  at  full  load. 


AftMATUKE  OF  Westinghousb  Alternator. 

Westinghouse  {Stanleys)  Alternator. — A  drum  armature 
is  employed  in  the  alternator^  of  the  Westinghouse  Company 
depicted  in  Fig.  422. 

■  For  rarther  iolbimatioii  and  tests  Me  EUctriciU  World,  toI-  li.,  Sept  3, 
rS87!  Tol.  lY,  34a,  1890;  Elntriiian,  xxv.  603  and  706,  1890;  EUetrital 
Xevietr,  nr.  (233,  1^89 ;  British  SpeciGcations  of  Fatenb,  972$,  9736,  and 
9717  of  18S7 ;  La  iMmiin  EkclHjiu,  xxr.  643,  1887 ;  xxvii.  8,  1888. 
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In  the  150  kilowatt  machine  there  are  16  radial  poles 
pointing  inwards  and  fixed  externally  to  a  common  cylindri- 
cal cast-iron  yoke.     The  armature  core,  which  is  23  inches  in 

Fig.  4*3. 


Westing  HOUSE  Alternator. 


diameter  and  12  inches  in  length,  is  built  up  of  thin  iron 
disks,  with  holes  perforated  for  ventilation.  The  winding 
consists  of  16  coils,  wound  in  flat  hanks  on  special  formers, 
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and  then  laid  side  by  side  upon  the  periphery  of  the  core,  not 
overlapping,  and  secured  by  well-insulated  binding  wires ;  the 
ends  of  the  hanks  being  bent  over  and  secured  against  the 
flanks  of  the  drum.  The  grouping  is  in  two  series  of  eight 
coils  each.  The  binding  wires  cover  nearly  the  entire  surface 
(see  Fig.  422).  This  machine  weighs  three  tons,  and  gives 
145  amperes  at  11 00  volts  at  1080  revolutions  per  minute. 
The  journals  are  very  long  and  are  carried  through  spherical- 
seated  bearings.  To  permit  of  repairs  the  upper  half  of  the 
field-magnet  can  be  lifted  off.  The  exciting  current  is  from 
25  to  30  amperes  at  100  volts.  The  number  of  alternations 
is  8640  per  minute  or  1:44  per  second.  In  the  most  recent 
Westinghouse  machines  the  armature  coils  are  wound  on 
toothed  core-disks. 

Eliku  Thomson's  Alternator. — This  machine  closely 
resembles  the  Westinghouse,  but  differs  in  important  details. 
The  armature  coils,  which  are  wound  with  square  wire,  cover 
a  large  amount  of  surface,  and  are  not  turned  down  in  flaps 
over  the  ends  of  the  drum.  The  field-magnets  have  from 
eight  poles  in  small  machines  to  22  poles  in  the  largest.  In 
the  small  machines  all  the  armature  coils  are  united  in  one 
series  as  in  Fig.  416 ;  in  the  larger  sizes  they  are  in  two 
series.  Three  types  of  these  alternators  are  used.  Some  are 
separately  excited  :  others  are  made  self-exciting  by  the 
device  of  winding  a  few  turns  of  wire  in  drum  fashion  around 
the  core  in  the  inter-spaces  of  the  .main  coils,  the  end  being 
brought  out  to  a  commutator  on  the  shaft ;  others  are  called 
**  composite,"  from  the  circumstance  that  the  field-magnets 
are  partly  separately-excited  and  partly  self-excited  from  the 
main  current  of  the  machine,  which  for  this  purpose  is  carried 
through  a  shunted  commutator.  It  is  this  third  class  of 
machine  which  is  depicted  in  Fig.  424.  An  exciter  furnishes 
current  to  eight  of  the  ten  field-magnet  poles,  the  excita- 
tion being  controlled  either  by  a  variable  resistance  R^  in  the 
shunt  circuit,  or  by  R2  in  the  exciting  circuit.  The  other 
two  field-coils  are  connected  to  brushes  on  a  rectifying  com- 
mutator C,  shunted  by  the  resistance  R3.  The  main  current 
on  its  way  to  or  from  the  contact-rings  A  B  must  pass  through 
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this  commutator  or  the  shunt  R..     Hence  the  excitation  will 
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be  of  two  parts,  an  initial  and  constant  part,  and  a  variable 
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part  depending  on  and  proportional  to  the  main  output  of 
current  Hence  this  arrangement  has  the  same  virtues  as  the 
compound-winding  of  direct-current  dynamos.  The  resistance 
R3  which  is  of  German  silver  attached  to  the  frame  of  the 
machine,  permits  the  amount  of  compensating  excitation  to  be 
varied  in  different  machines,  so  that  the  same  size  of  machine 
can  be  used  to  compensate  for  the  fall  of  potential  over  various 
lengths  of  line.  This  type  of  alternator  is  ^  made  in  three 
sizes,  giving  respectively  35,  70,  and  140  amperes  at  looo 
volts,  at  speeds  from  1500  to  680  revolutions  per  minute.* 

Prof.  Elihu  Thomson  has  devised  another  form  of  alter- 
nator, described  on  p.  686. 

Blakey-EmtnoU  Alternator. — This  machine,  depicted  on 
Plate  IX.  and  Plate  XXIIL,  is  of  the  same  general  type  as  the 
preceding ;  but  whereas  the  windings  of  the  two  preceding 
sorts  are  lap-windings,  that  of  the  present  machine  is  a  wave- 
winding  resembling  Fig,  203,  p.  314. 

The  armature  core  is  built  up  of  very  thin  charcoal  iron 

disks  mounted  on  a  gun-metal  spider  keyed  to  the  driving 

shaft.      The  winding  consists  of  bands  of  copper  wires,  the 

breadth  of  the  bands  being  equal  to  the  width  of  the  poles. 

These  bands  are  laid  in  a  sinuous  form  upon  the  surface  of 

the  armature,  the  bends  being  laid  upon  the  end  plates.     The 

final  ends  are  carried  to  substantial  rings  of  copper  serving  as 

collectors.      Carbon   block  brushes  are  used  and  are  found 

very  satisfactory.       The  bearings  are  self-centering.       The 

sketch  in  Plate  XXIII.  represents  the  15A  size,  which  gives  an 

output  of  7 '5  amperes  at  2000  volts,  or  15,000  watts  at  a 

speed  of  1200  revolutions  per  minute.     The  number  of  poles 

is  ten,  and  the  frequency  therefore  100  complete  periods  per 

second.     The  diameter  of  the  armature  core  is  18  inches,  and 

the  length  8J  inches.     The  total  number  of  active  conductors 

in  the  armature  is  1140,  the  weight  of  copper  being  13*3  lb. 

The  resistance  is  4  "48  ohms  ;    and,  when  run  on  open  circuit 

with  full  exitation,  the  volts  generated  are  2050.     The  weight 

of  copper  on  the  field-magnets  is   1 50  lb.      The  curve  of 

>  See  EUctrkal  Worlds  xiii.    19,  1889 ;   xiv.    197,   1889 ;  and  Eieeirician, 
xxvL  133,  1890. 
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induction  of  this  machine  is  given  on  p.  619.  The  armature 
can  be  readily  examined  in  position  by  removing  the  top  half 
of  the  field-magnets.  These  machines  are  made  by  Messrs. 
Blakey,  Emmott,  &  Co.,  of  Halifax,  in  seven  sizes,  with  out- 
puts varying  from  12,000  to  120,000  watts. 

Phcsnix  Alternator, — This  machine  is  constructed  by 
Messrs.  Paterson  and  Cooper,  from  the  designs  of  Mr.  Esson  ;  ^ 
and  has  a  general  resemblance  to  those  described,  being 
multipolar  with  twelve  poles.  The  magnet  cores  are  of 
wrought-iron  made  narrow  to  receive  the  coils,  and  widening 
into  a  polar  face  nearly  of  double  area.  They  are  carried  on 
a  cast-iron  yoke  ring  ;  and  the  width  of  the  pole-faces  is  half 
the  pitch.  Had  the  cores  been  of  equal  width  all  the  way 
along  they  might  nearly  as  well  have  been  of  cast  iron  ;  but 
with  wrought  iron  of  high  permeability,  the  saving  in  copper 
more  than  pays  for  the  cost  of  tooling.  The  armature  is  built 
up  of  core  rings  with  internal  and  external  diameters  in  the 
ratio  of  about  7  to  5,  over  which  are  laid  six  flat  coils  each 
equal  in  breadth  to  three  times  the  width  of  the  magncc  cores, 
and  laid  on  the  periphery  with  spaces  equal  to  the  width  of 
the  core  between  them. 

Hopkinson  Alternator, — This  machine  has  multipolar  mag- 
nets, with  a  width  of  pole  face  exceeding  three-fourths  of  the 
pitch.  The  armature  wires  are  not  laid  on  the  outside  of  a  drum, 
but  are  coiled  upon  short  polar  projections  of  laminated  iron. 
The  machine  shown  runs  at  800  revolutions  per  minute, 
giving  30  amperes  at  1000  volts.  The  armature  resistance 
is  o*55  ohm,  and  that  of  the  magnet  coils  2  ohms.  The 
exciting  current  is  21  amperes.  An  electrical  efficiency  of 
95  per  cent,  is  claimed  for  the  machine.  Its  exciter,  a  small 
"  Manchester "  dynamo,  is  mounted  on  a  bracket  to  run  on 
the  same  shaft.  These  machines  (Fig.  425)  are  built  by 
Messrs.  Mather  and  Piatt. 

GanZ'Zipernowsky  Alternators. — Various  forms  have  been 
built'   by   Ganz    &   Co.,   of  Buda-Pesth,   chiefly  from    the 

'  Journal  Institution  Electrical  Engineers,  xx.  289,  1 89 1. 

*  See  Centralblatt  fUr  Elektrotechnik,  xii.  554,  1889 ;  also  Electrical  Reviev. 
XT.  70,  1884  ;  xvii.  115,  1885  ;  Electrician,  xxy.  258,  1890;  Electrical  WorU, 
xiiL  297,  1889;  xvi.  73,  1890;  La  Lumihre  Electrique,  xxxi.  121  ;  and  xxxii. 
159  and  582,  1889. 
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designs  of  M.  Zipernowsky.  The  general  principle  of  these 
machines  has  already  been  described  on  p.  644 ;  but  some 
have  been  otherwise  constructed,  A  very  lai^e  machine  was 
shown  at  Vienna,  by  Messrs.  Ganz,  in  1883,     It  was  capable 

Fio.  435. 
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of  furnishing  light- for  1200  Swan  lamps  (20  candle-power 
each).  The  thirty-six  bobbins  of  the  field-magnet  were  set 
concentrically  on  an  iron  frame,  and  rotated  within  an  outer 
circle  of  thirty-six  armature  bobbins.  The  field-magnet  coils 
were,  in  fact,  the  fly-wheel   of  the  liigh-pressure  compound 
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engine  which  drove  the  dynamo  and  its  exciter.    The  dia- 
meter of  the  rotating  part  was  2\  metres.    A  salient  feature 
of  this  machine  was  the  fact  that  any  one  of  the  coils,  either  of 
armature  or  field-magnets,  could  be  removed  from  the  side  of 
the  machine  in  case  such  were  needed.    The  whole  fly-wheel 
could,  in  this  way,  be  taken  down  by  one  man  in  a  few  minutes. 
The  armature  coils  were  attached  flat  against  the  inner  peri- 
phery of  a  large  ring  of  iron  wire  ;  there  being  no  cores  protrud- 
ing through  the  armature  coils.    At  Frankfort,  in  1891,  a  large 
Ganz  alternator  was  shown  by  the  Helios  Co.,^  of  a  capacity  of 
400  kilowatts,  giving  200  amperes  at  2000  volts  at  125  revolu- 
tions per  minute.    The  armature  consisted  of  40  T-shaped 
punchings,  like  Fig.  410,  surrounded  with  coils  each  working  at 
100  volts,  the  whole  being  coupled  up  in  two  series  of  20  each. 
The  rotating  field-magnet  is  299*  2  centimetres  io  diameter,  and 
38  centimetres  wide.     The  electrical  efficiency  is  given  at  95 "  6, 
and  the  nett  efficiency  at  91*5  per  cent     Four  very  fine 
examples  of  the  Ganz  alternator  exist  in  the  central  station 
of  Rome,*  each  being  of  320  kilowatts  capacity,  driven  direct 
at  125  revolutions  per  minute  by  separate  compound  engines 
of  SCO  HP.  each.      They  have  rotating  field-magnets  with 
40  radiating  poles  of  solid  iron,  the  diameter  being  over  9  feet. 
The  interior  diameter  of  the  armature  ring  frame  is  about 
9i  feet,  the  core  being  built  up  of  sheet  iron  and  paper  as 
described.    There  are  40  coils,  each  generating  50  volts,  all 
united  in  series,  and  capable  of  carrying  200  amperes,  the 
wire  being  6  mm,  in  diameter.     The  bobbins  of  the  field- 
magnet  coils  are  wound  on   rectangular  split-zinc  formers 
about  1 5  inches  high  and  20  inches  wide,  the  windings  being 
more    numerous    toward   the    outer    end.       The    armature 
windings,  30  in  each  coil,  are  contained  on  vulcanized  fibre 
frames  19  inches  long,  10  inches  wide,  and  2  inches  deep,  and 
are  clamped  in  place  by  skeleton  bronze  frames. 

Siemens  Alternators, — Messrs.  Siemens  and  Halske  were 
early  in  the  field  in  1878  with  alternators  designed  by  von 
Hefner  Alteneck;  having  a  disk  armature  (see  Fig.  412),  in 

*  See  description  by  Mr.  Esson,  and  cut.  Electrical  Review^  xxiz.  503,  1S91. 
'  See  description  by  Prof.  Fleming  in  the  Electrician,  xxv.  317,  1890. 
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which  the  coils  are  wound  usually  without  iron,  upon  wooden 
cores.  Copper  ribbons  insulated  from  one  another  by  strips 
of  vulcanized  fibre  are  used  for  the  coils ;  the  connexions 
being  made  by  soldering  the  strips  with  silver  solder.  In 
some  forms  of  the  machine,  the  individual  coils  are  enclosed 
between   perforated    disks   of  thin  German    silver.      When 

Fig.  416. 


Siemens  ALTEiiiATOR,  with  its  Excitbk. 

currents  of  great  strength  are  required,  but  not  of  great 
electromotive- force,  the  coils  are  coupled  up  in  parallel 
instead  of  being  united  in  series.  In  Fig,  426  a  small  con- 
tinuous-current machine  of  vertical  pattern,  such  as  was 
described  on  p.  193,  is  shown  in  action  as  an  exciting  machine 
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to  furnish  the  magnetizing  currents  to  the  stationary  field- 
magnets  of  the  alternator. 

More  recently  Messrs.  Siemens  and  Halske  have  returned  to 
a  pattern  more  nearly  resembling  Lontin's  design,  with  a  multi- 
polar rotating  6eld-magnet  and  Axed  external  armature.  The 
lai^e  330  kilowatt  machine  shown  at  Frankfort  in  1891  is  de- 
picted in  Fig.  427,  The  field-magnet  consists  of  60  bobbins  with 

Fio.  417, 
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laminated  cores  built  upon  the  rim  ot  a  fly-wheel,  3*7  metres 
in  diameter  over  all ;  whilst  the  armature  ring  is  4*6  metres 
(14  ft.  9  in.)  in  external  diameter.  When  running  at  100 
revolutions  per  minute,  it  yields  165  amperes  at  2000  v-olts. 
The  construction  of  the  armature  is  as  follows : — A  laminatcti 
ring  of  60  segments,  each  built  up  of  straight  iron  plates 
stamped  with  end-projections,  is  held  together  firmly  in  a 
cast-iron  frame.  Each  segment  before  being  put  in  place  is 
wound  with  20  turns  of  a  conductor  made  of  stranded  copper 
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wire  compressed  to  a  square  section,  each  wire  in  the  strand 
being  lightly  insulated  with  a  coat  of  enamel.  The  ring  thus 
formed  is  4 '6  metres  in  diameter,  and  50  centimetres  in 
width  parallel  to  the  axis ;  the  end  projections  of  the  core- 
plates  constituting  60  internal  teeth.  It  is  therefore  simply  a 
laminated  Pacinotti  ring  with  sections  coiled  alternately  right 
and  left-handedly.  Any  one  of  the  sections  can  be  removed 
singly  for  repair.  The  laminated  magnet-cores  carry  56  wind- 
ings each,  and  receive  a  current  of  56  amperes  at  70  volts  for 
excitation. 

Gordon's  Alternator, — Gordon's  alternator  was  described 
and  figured  in  the  earlier  editions  of  this  book.  It  has  twice 
as  many  coils  in  the  fixed  armatures  as  in  the  rotating  magnets, 
there  being  32  on  each  side  of  the  rotating  disk,  or,  in  all, 
64  moving  coils  ;  while  there  are  64  on  each  of  the  fixed 
circles,  or  128  stationary  coils  in  all.  The  latter  are  of  an 
elongated  shape,  wound  upon  a  bit  of  iron  boiler-plate,  bent 
up  to  an  acute  V  form,  with  cheeks  of  perforated  German 
silver  as  flanges.^  The  result  of  thus  arranging  the  coils  in 
two  sets  is  that  there  are  two  distinct  currents  differing  in 
phase  by  a  quarter  period.  The  armature  parts  of  the 
machines  used  at  Paddington  have  lately  been  reconstructed 
and  laminated  more  thoroughly,  to  obviate  the  waste  by 
eddy-currents,  which  was  serious  in  the  machines  as  first 
designed. 

Elwell'Parker  Alternator, — This  machine,  built  by  the 
Electric  Construction  Corporation,  Wolverhampton,  is  shown 
in  Plate  XXIV.  The  field-magnets,  which  are  internal  and 
revolve,  present  a  set  of  radiating  poles,  built  upon  a  foundation 
ringf  of  mild  steel,  into  which  the  magnet-cores  of  soft  wrought 
iron  are  securely  bolted  by  T-shaped  pieces,  the  head  of  each, 
which  forms  a  pole-piece,  grooved  on  its  surface,  and  the 
shank  of  which  passes  through  the  core  and  foundation  ring. 
The  armature-core  consists  of  an  external  assemblage  of 
segmental  core-rings  bolted  between  two  end  frames  of  cast 
iron*      The  armature  coils,  which  are  separately  wound  of 

^   For  fvrther  details  of  the  Gordon  dynamo,  see  Mr.  Gordon's  Practical 
7reaiise  on  Eketrie  LighHng  (1884),  p.  162. 
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copper  tape  on  wooden  core^  are  secured  by  wooden  clamps 
and  iron  bolts  against  the  inner  periphery  of  the  core-rings. 
The  external  breadth  of  each  armature  coil  is  equal  to  the 
pitch,  and  the  internal  breadth  is  slightly  less  than  the  width 
of  the  pole-face. 

The  following  are  particulars  of  two  recent  Elwell-Parker 
alternators  of  30  and  50  kilowatts  respectively : — 

Output  (watts) 30000  50000 

Amperes     30  25 

Volts 1000  2000 

Frequency  (periods  per  second)      60  83*3 

Revolutions  per  minute 600  500 

Number  of  poles       12  20 

Diameter  of  F.M.  circle 36"  45 A' 

Length  of  magnet  cores dj"  Sf* 

Section  of  magnet  core : — Width 3"  2" 

Breadth 6"  10* 

Pole-feces :— Width 41"  3i" 

Breadth        6"  10" 

Turns  on  each  F.M.  pole 267  344 

Exciting  current        16  to  18  11*6 to  12*3 

Resistance  of  magnet  coils  (ohms) 3  *  26  9*5 

Clearance  from  poles  to  coils  of  armature     . .  -j^"  )l* 

Total  clearance  poles  to  core-rings ^  -Ji* 

Armature  core,  internal  diameter 37"  46J" 

„          „    external        „          45"  56^' 

„          ,,    external  breadth      6^"  loj" 

Armature  coils,  number  of      12  20 

Aperture  in  coil,  length  of       8"  I2-|' 

„       breadth  of 4V'  34" 

External  breadth  of  coil 9f"  7^" 

Turns  in  each  coil 34  28 

Width  of  copper  ribbon 0*25"  0*25" 

Thickness  of  copper  ribbon ,  3*  060"  0*049" 

Total  weight  (lbs.)  of  copper  on  armature    ..  60  115 

Plate  XXV.  depicts  the  Elwell-Parker  alternators  as  used  in 
the  central  station  at  Manchester  Square,  London,  each 
coupled  direct  to  a  triple-expansion  high-speed  Willans 
engine. 

Ferrantis  Alternators, — This  machine,  as  brought  out  in 
1882,  was  based  on  the  joint  but  independent  proposal  jof 
Sir  W.  Thomson  and  Mr.  S.  Z,  de  Ferranti  to  substitute 
wave-windings  for  coils. 

Sir  W.  Thomson  proposed    originally  that  the  armature 
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should  consist  of  copper  strips  wound  in  a  star  fashion  between 

projecting  teeth  on  a  wooden  wheel.     He  also  proposed  to 

use  as  field-magnets  a  form  of  electromagnet  in  which  the 

Fia.  42S. 
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Fig.  439. 


DlAOKAH  Of   (OLD)   FERRANTI   ALTERNATOR. 

wires  that  bring  the  exciting  current  pass  up  and  down,  in  a 
jigjag  form,  between  iron  blocks  projecting  from  an  iron 
frame.  In  the  machine  as  constructed  at  that  date,' the  field- 
•  See  Specification  o(  Patent,  No.  3702  of  1883  ;  and,  for  later  detaili,  No.  70J 
of  1887- 
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magnet  consisted  of  two  crowns  of  alternate  poles,  precisely  as 
in  the  alternators  of  Wilde  and  Siemens ;  and  the  armature 
consisted  of  strip  copper  bent  into  a  wavy  star  form.  There 
were  eight  loops  in  the  zigzag  (as  shown  in  Fig,  429,  which 
depicts  half  only  of  the  arrangement),  and  on  each  side  were 
sixteen  magnet  poles  ;  so  that  the  moving  parts  were  twice 
,  the  angular  breadth  of  the  fixed  parts.  The  copper  strip  was 
wound   round   on    itself  (with   insulation  between)  in  many 

Fig.  430. 
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layers  ;  the  limbs  of  the  star  being  held  in  place  by  insulated 
bolts  passing  through  star-shaped  face-plates  of  brass.  The 
advantage  of  the  armature  of  zigzag  copper  was  supposed  to 
lie  in  its  strength  and  simplicity  of  construction. 

The  framework  of  the  field-magnet  was  cast  in  two  halves, 
which  were  held  together  by  bolts. 

In  the  later  alternators  of  Ferranti  the  zigzag  mode  of 
winding  has  been  entirely  abandoned,  and  the  coils  are  wound 
separately  and  then  assembled  into  a  disk.  The  mode  of 
construction  is  explained  by  the  figures  which  follow,  and  by 


Alternators. 


6^1 


those  on  Plate  XXVI.     Each  coil  is  wound  upon  a  rigid  core. 

The  cores  are  constructed  of  brass  strips  spreading  fan-wise, 

with  asbestos  between,  brazed  solidly  together  at  one  end,  and 

to  a  brass  piece  which  is  drilled  with  an 

aperture  A  (Fig.  431).     The  winding,  '      ' 

the  inner  end  of  which  is  soldered  to  ■ 

the  brass  piece,  is  of  ribbon   copper 

slightly  corrugated   to  secure  greater 

rigidity,   wound    with   a  tape  of  thin 

vulcanized  fibre  between.     The  coils 

are   mounted   in   twos   in   brass   coil- 

holders,  depicted  at  D,  Fig.  432,  into 

which,  with  interposed  layers  of  mica 

and   fibre,  they  are  secured   by  bolts   Single  Coil  of  f^rranti 

which  pass  through  their  eyes.     The 

two  coils    in    each  holder   are   separated   mechanically  and 

electrically  by  interposing  a  piece  of  fibre  of  the  form  shown 
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Details  of  Ferranti  Armatuke. 


at  H  ;  but  the  holder  constitutes  a  metallic  connection  from 
the  eye  A  of  the  one  to  the  eye  A  of  the  other.  Consequently, 
a  current  circulating  from  outside  to  inside  of  one  coil  must 
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circulate  from  inside  to  outside  of  the  other.  The  outside  end 
of  each  coil  is  joined  to  the  outside  of  the  nearest  coil  in  the 
next  holder.  The  holders  must  of  course  be  insulated,  and 
yet  held  mechanically  and  firmly.  For  this  purpose  they  are 
provided  with  a  tail-piece  D',  of  circular  section,  which  passes 
through  a  porcelain  bush  E,  and  is  threaded  to  receive  a  meUl 
foot  which  is  further  secured  by  a  pin  passing  through  D'.  The 
taii-piece.protectedby  its  porcelain  bush,  passes  through  the  rim 
of  astrongfoundationrmg,having  apertures  into  which  the  metal 

Fio.  433. 
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feet  are  inserted,  but  which  are  much  wider  than  them.  The  gap 
between  them  is  then  filled  up  by  pourii^  in  a  molten  com- 
pound of  sulphur  and  powderedglass,  which  secures  andinsulates 
them.  On  the  side  of  each  coil-holder  projects  a  small  oblique 
wing,  to  promote  ventilation.  In  all  the  larger  machines  the 
coils  are  connected  up,  as  shown  in  Fig,  433,  in  two  series,  which 
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are  joined  together  in  parallel.  This  grouping  is  effected  by 
placing  alt  the  coils  in  one  half  circumference  right-handedly, 
and  in  the  other  left-handedly. 

Two  copper  rods  pass  inwards  from  the  tail-pieces  of  two 
of  the  coil-holders  at  opposite  ends  of  a  diameter,  and  are  led 
to  the  collectors. 

Fir,  434. 
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The  collecting  arrangements  are  separately  shown  in 
^'g-  43S.  and  are  mounted  on  the  end  of  the  shaft.  One 
connexion  from  the  armature  coils  communicates  with  a 
structure  consisting  of  three  arms  at  120°  apart.  These 
passing  out  through  ebonite  bushes  unite  to  a  copper  cylinder, 
which  passes  through  a  lai^e  ebonite  bobbin  provided  with 
deep  flanges  at  back  and  front  Upon  the  front  end  of  this 
cylinder  two  collectors  press,  each  collector  consisting  of  two 
half-rings  L  of  copper  united  by  C-shaped  springs.  These 
two  collectors  are  united  by  a  curved  connector  to  the  insu- 
lated junction-piece  R  going  to  the  circuit  The  other  con- 
nexion from  the  armature  coils  is  united  by  three  other  arms 
to  a  copper  mantle  outside  the  ebonite  bobbin,  and  on  this 
mantle  press  two  other  collectors  L',  similar  to,  but  slightly 
larger  than  the  former  pair.  These  communicate  with  the 
other  pole  of  the  circuit 

In  Plate  XXVI.  are  depicted  two  forms  of  Ferranti's  alter- 
2  X 
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nators.  Fig.  i  relates  to  a  300  horse-power  machine,  and  gives 
a  view  of  half  the  armature  and  half  the  field-magnet.  Here 
it  is  seen  how  the  copper  connector  D'  passes  from  the  coil- 
holder  D  to  Wi,  a  bolt  uniting  it  to  one  of  the  three  arms  of 
the  collecting  apparatus.  The  cut  also  shows  how  the  field- 
magnet  is  built  in  two  separate  halves,  each  of  which  can  be 

Fig.  43S. 
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racked  laterally  aside  by  a  lever  N  and  rack  M  to  expose  the 
armature  for  cleaning  or  repairs.  The  speed  of  this  machine 
is  350  revolutions  per  minute,  and  the  diameter  of  the  arma- 
ture 5  feet  6  inches. 

Figs.  2  and  3  of  Plate  XXVI.  represent  on  a  scale  of  -^ 
the  1250  horse-power  alternator  as  used  at  the  Deptford 
lighting-station.  These  machines,  capable  of  giving  100 
amperes  at  10,000  volts,  when  running  at  120  revolutions  per 
minute,  are  driven  by  rope-gearing  from  eng^ines  of  marine 
type.    The  pulley,  which  has  grooves  for  27  ropes,  is  nearly  10 
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feet  in  diameter,  and  over  10  feet  long.  It  is  built  in  two  parts 
N  and  Nj,  united  by  bolts  at  a,  and  is  keyed  to  the  middle 
of  the  shaft  between  two  bearings  y  mounted  on  pedestals 
which  curve  inwards  at  both  ends.  The  journals  are  of  un- 
usual length,  and  the  bearings  swivel  upon  spherical  seats. 
End  play  is  prevented  by  collars  at  the  outer  ends  of  the 
shaft  The  exact  position  of  the  pulley  upon  the  shaft  can 
be  adjusted  by  a  central  screw  collar  c^  turned  by  a  handle  U. 
This  adjustment  is  rendered  necessary  because  the  armature 
is  mounted  upon  the  end  rim  F  of  the  pulley  itself,  over- 
hanging the  bearing;  and,  as  the  clearance  between  the 
armature-coils  and  the  magnet  pole-faces  is  very  small,  any 
wearing  of  the  bearings  might  cause  the  armature  coils  to  come 
dangerously  close  to  the  pole-faces.  The  coil-holders  and 
porcelain  bushes  are  shown  at  D  and  E.  The  magnet-poles 
are  held  in  a  large  external  cast-iron  frame.  There  are  48 
poles  in  each  crown,  of  alternate  polarity.  The  faces  are 
covered  with  caps  of  thin  ebonite  to  protect  against  spark 
discharges  from  the  coils.  The  armature  coils,  also  48  in 
number,  are  each  capable  of  generating  about  420  volts,  and 
will  carry  a  current  of  SO  to  55  amperes  without  undue 
heating.  The  mean  diameter  of  the  armature  is  15  feet,  and 
its  thickness  at  the  working  part  is  only  |  inch.  The  peri- 
pheral speed  is  therefore  5850  feet  per  minute.  Owing  to  the 
mode  of  driving  the  armature,  the  insulated  copper  connexions 
must  pass  through  the  bearing,  and  are  therefore  carried 
along  in  a  channel  through  the  shaft.  The  most  elaborate 
precautions  are  taken  against  the  possibility  of  a  stoppage 
arising  from  over-heating  of  the  bearings.  There  is  a  double 
circulation  of  water  and  of  oil.  On  the  end  of  the  shaft 
opposite  to  the  collecting  apparatus  an  eccentric  works  an  oil- 
pump  /,  which  pumps  oil  through  a  filter  out  of  the  reservoir 
R  under  the  platform,  and^ distributes  it  under  pressure  to  the 
oil-ways  a  in  the  bearings,  whence  it  returns  to  the  reservoir. 
In  Plate  XXVI  I.,  Figs,  i  and  2,  are  given  drawings  of  the 
still  larger  alternator,  nearly  completed  but  not  yet  erected, 
at  Deptford.  This  machine  will  furnish  750  amperes  at 
io,cxx>  volts,  furnishing  light  for  200,000  glow-lamps,  and 
requiring  10,000  horse-power  when  running  at  60  revolutions 
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per  minute.  The  mean  diameter  of  the  armature  is  45  feet 
(nearly  15  metres),  with  a  peripheral  speed  of  nearly  8000 
feet  per  minute.  The  coils,  of  which  there  are  48  pairs,  are 
constructed  and  connected  as  in  the  machines  previously 
described,  but  are  carried  upon  the  rim  of  a  large  fly-wheel, 
the  rim  of  which  weighs  nearly  200  tons.  The  weight  of  the 
completed  armature  is  about  225  tons.  The  two  crowns  of 
field-magnets  weigh  together  with  their  frames  about  450  tons. 
The  armature- wheel  is  carried  upon  the  middle  of  a  long 
crank-shaft,  having  a  crank  outside  the  bearings  at  each  end. 
Right  and  left  stand  two  compound  marine  engines,  each  of 
5000  horse-power,  which  stand  about  60  feet  high  from  the 
ground,  and  about  80  feet  high  from  the  bottom  of  the  magnet- 
frame,  which  is  sunk  below  the  level  of  the  ground  in  order  to 
lower  the  level  of  the  shaft  The  collecting  arrangements, 
though  not  placed  at  the  end  of  the  shaft,  are  very  similar  to 
those  of  the  smaller  machines. 

Parsons  Alternator} — This  is  a  bipolar  machine,  running  at 
:he  extraordinary  speed  of  6000  or  even  8500  revolutions  per 
minute ;  the  armature  being  a  plain  drum.  It  is  coupled 
direct  to  a  special  high-speed  steam  turbine  by  the  same 
inventor. 

Mordey's  Alternator. — This  striking  form  of  machine,  first 
brought  out  in  1888,  is  constructed  by  the  Brush  Electric 
Engineering  Company,  of  London.  It  is  depicted  in  Figs.  436 
and  437  and  also  in  Plate  XXI.  It  differs  in  several  essential 
features  from  the  antecedent  forms.  Though,  as  before,  there 
are  two  crowns  of  poles  between  which  the  armature  lies,  all 
the  poles  on  one  side  are  of  one  kind,  north  poles,  and  all 
those  on  the  other  side  are  south  poles.  Hence  there  is  no 
reversal  of  the  magnetic  field  through  the  armature  coils  ;  the 
number  of  magnetic  lines  through  any  coil  simply  varying 
from  zero  to  maximum  and  back.  As  a  result  of  this 
arrangement,  there  is  a  great  simplification  of  the  means 
needed  to  magnetize  the  field-magfnets.  It  is  no  longer 
necessary  to  wind  a  separate  magnetizing  coil  on  each  pro- 
truding pole.      One  single  coil  surrounding  a  central  cylinder 

"  See  EUcirician,  xx.   103,   1887;  and  Proc.  Inst  Chnl  Engineers^   xcvii., 
Feb.  1889. 
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of  iron  suffices  to  magnetize  the  whole  of  the  poles.    There  is 
indeed  only  one  mimetic  circuit,  branching  into  separate 


branches.  The  construction  of  the  field-magnet,  of  which  a 
section  is  given  in  Plate  XXI.,  and  which  is  separately  shown 
in  Fig.  437,  is  as  follows : — 
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A  short  cylinder  of  wrought  iron,  through  which  the  shaft 
passes,  forms  the  core,  and  is  surrounded  by  the  exdting  coil. 
Against  the  ends  of  this  core  are  firmly  screwed  up  the  two 
end  castings,  each  of  which  is  furnished  with  a  number  of 
curved  horns  (nine  in  small  machines,  twelve  in  lai^er  ones), 
projecting  to  within  about  17  millimetres,  the  narrow  polar 
gap  being  only  just  wide  enough  to  admit  the  armature.  The 
entire  field-magnet  revolves  on  the  shaft,  the  exciting  coll 
being  supplied  with  current  from  a  separate  machine  of  small 
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size  by  means  of  the  two  contact  rings  on  the  shaft  on  the 
right  in  Fig.  437,  There  is  no  need  for  the  exciting  coil  to 
revolve ;  but  for  mechanical  reasons  it  was  deemed  preferable 
to  wind  it  actually  upon  the  field-magnet  core.  The  armature 
(Fig.  438),  which  stands  still,  consists,  in  the  smaller  machines, 
of  18  coils  of  narrow  ribbon  copper  11  millimeters  wide, 
separated  by  strips  of  very  thin  fibre  wound  on  porcelain  cores. 
The  separate  coils  are  clamped  at  the  broad  end,  by  means 
of  German-silver  coil-holders  lined  with  mica  and  fibre  and 
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embedded  in  ebonite,  to  a  light  but  firm  frame  of  g[un-metal, 
the  ends  of  the  conductors  of  each  coil  being  brought  out 
through  porcelain  insulators  and  suitably  connected  tf^ether. 
All  the  metal  clampings  are  outside  the  magnetic  field,  and 
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they  are  so  arranged  that  any  one  coil  can  be  removed  in  a 
few  moments  without  dismounting  any  other  part  of  the 
machine.  Each  of  the  coils  is  provided  with  a  screw  device 
for  thrusting  it  towards  the  centre,  so  that  all  the  coils  are 
^wedged  tightly  tc^ether.     As  the  armature  is  stationary  there 
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are  no  centrifugal  forces  to  be  considered,  and  the  coils  have 
to  be  supported  only  with  a  view  of  resisting  the  tangential 
drag  of  the  field.  This  renders  the  insulation  of  the  armature 
coils  a  very  simple  matter,  and  is  of  great  importance  in 
working  at  high  volts.  The  revolving  field-magnet  forms  an 
excellent  fly-wheel,  effectually  neutralizing  any  pulsations 
due  to  irregularities  in  th^  stroke  of  the  engine,  and  as  there 
are  no  parts  liable  to  fly  out,  a  high  speed  of  driving  presents 
none  of  the  difliculties  that  arise  with  many  other  types 
of  machine.  In  Fig.  436,  which  gives  a  view  of  the  complete 
machine,  the  field-magnets  are  almost  hidden  by  the 
external  webs  which  cover  the  spaces  between  the  projecting 
poles  to  prevent  too  great  a  disturbance  of  the  air  by  the 
rotating  pole-pieces.  The  shaft,  as  shown  in  Fig.  437,  is  pro- 
vided at  one  end  with  a  thrust-bearing  resembling  that  of  a 
marine  propeller,  and  the  bearing  blocks  are  made  adjustable 
longitudinally,  so  that  the  field-magnet  may  be  placed  exactly 
symmetrically  with  respect  to  the  armature.  In  the  latest 
machines  end-play  is  prevented  by  shoulders  on  the  journals, 
this  form  being  less  liable  to  heat  The  exciter  is  a  small 
four-pole  Victoria  machine  (p.  498),  weighing  but  ^  of  the 
weight  of  the  alternator :  the  excitation  taking  i  HP.  The 
electromotive-force  in  a  20  kilowatt  machine  is  i  volt  per 
8J  inches  of  conductor  in  this  machine.  The  very  low 
resistance  of  the  armature,  and  almost  complete  absence  of 
armature  reactions,  makes  the  machine  almost  self-regulating. 
One  advantage  in  this  type  of  machine  is  the  little  labour 
required  in  winding  its  coils ;  and  the  simplicity  of  the  tooling 
and  fitting  of  the  iron  portions  is  a  great  gain. 

The  following  is  a  description  of  the  75  kilowatt  (or  100 
HP.)  alternator  depicted  in  Plate  XXI.  Output  (as  usually 
wound)  37*5  amperes  at  2000  volts,  when  running  at  500 
revolutions  per  minute.  As  there  are  12  poles,  the  number  of 
periods  is  6000  per  minute  or  100  per  second.  The  armature 
consists  of  24  coils,  usually  wound  so  as  to  be  all  united  in 
series  :  each  coil  working  at  83  •  3  volts  and  having  a  resistance 
of  0*051  ohm.  The  total  resistance  of  the  armaturp  is  i'22 
ohm ;  hence  at  full  load  the  lost  volts  are  37  •  $  X  i  •  22  « 
55 '7S>  2iwd  the  watts  lost  by  in^ternal  heating   1715.      The 
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armature    coils   are  wound  with  copper  strip    0*375    inch 
wide  and  O"  030  inch  thick,  the  turns  being  separated  by  an 
insulating  tape  so  thin  as  to  be  transparent.    The  polar  gap  is 
0*75  inch  across.     The  amperage  at  full  load  is  no  less  than 
3300  amperes  per  square  inch.      This  figure,  which  in  many 
types  of  machine  would  involve  unsafe  heating,  is  not  high 
enough  to  do  more  than  produce  a  gentle  rise  of  temperature 
owing  to  the  excellent  conditions  of  ventilation.     So  it  comes 
about  that  in  this  machine  the  limit  of  current-density  is  not 
fixed  by  risk  of  overheating,  but  by  considerations  as  to  the 
efficiency  and  the  slope  of  the  characteristic.     For  the  other 
losses  in  the  armature  have  been  reduced  to  a  negligibly  small 
amount  by  attention  to  details.     Loss  by  hysteresis  there  is 
none,  owing  to  absence  of  any  armature  core.      The  eddy 
currents  in  the  tape  are  trifling,  it  being  so  thin  and  needing 
no  further  lamination.     Further,  the  coil-holders  do  not  pene- 
trate into  the  polar  gap,  but  merely  pass  across  the  fringe  of 
the  field.       They  are  moreover  of  German-silver,  the  high 
specific  resistance  of  which  alloy  reduces  the  losses  by  eddy 
currents  to  -jf^th  or  |j\jth  of  what  they  would  be  if  brass 
were   used.       That  the  waste  is  almost   entirely  confined 
to  the  t^  r  loss  is  aflbrded  by  the  fact  that  the  machine  when 
driven  on  open  circuit,  but  excited  to  give  its  full  voltage,  only 
absorbs  3  HP.,  the  armature  keeping  quite  cool.     This  is 
a  very  important  point  in  all  machines  intended  for  central 
station  use,  as  the  wasted  power  forms  a  very  much  higher 
percentage  of  the    total  power  when  machines  are  running 
with  light  loads,  than  when  they  are  fully  loaded.    And  it  by 
no  means  follows  that  a  machine  which  shows  a  high  efficiency 
at  full  load  will  show  a  high  efficiency  at  low  loads  during  the 
day-light  hours.      This  is  a  point  which  Mr.  Mordey  early 
recognized  and  strove  to  meet  in  his  designs.     The  field- 
magnet  coils  are  usually  wound  to  take  a  current  of  17 '6 
amperes  at  6$  volts  ;  or  requiring  1 1 50  watts,  at  full  excita- 
tion.     The  electrical  efficiency  may  be  calculated  as  follows. 
Nett  output  7S,ooo  watts;  armature  loss  1715  watts;  field- 
nnagnet  loss  1 1 50  watts ;  total  power  absorbed  77,865  watts  ; 
electrical  efficiency  96*  32  per  cent.    The  makers  guarantee  a 
commercial  efficiency  of  93  per  cent     The  closeness  of  agree- 
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ment  of  .the  commercial  efficiency  with  the  electrical  efficiency- 
is  a  measure  of  the  goodness  of  design ;  being  a  proof  of 
absence  of  friction,  hysteresis  and  parasitic  currents.  It  is  a 
curious  point  that  in  many  machines  these  losses,  though  great 
at  low  loads,  are  not  only  proportionally  but  actually  less  at 
full  load.  But  machines  which  show  gpreat  losses  at  low  loads 
are  uneconomical  for  central  station  work. 

The  Brush  Electric  Engineering  Company  has  just  com- 
pletfed  some  large  alternators  of  250  kilowatt  capacity,  having 
a  nett  efficiency  of  over  95  per  cent  These  are  provided  with 
a  special  oil-pump,  consisting  of  two  toothed  wheels  about 
liji  inches  in  diameter,  geared  to  one  another,  and  enclosed, 
which  draw  in  the  oil  between  the  teeth  and  deliver  it  under 
the  journals  at  a  pressure  of  about  60  lbs.  per  sq.  inch.  There 
is  a  sight-drain  for  the  oil,  enabling  the  attendant  to  be  sure 
that  the  lubrication  is  efficient.  The  following  are  particulars 
of  a  250  kilowatt  alternator : — 

Field-magnet  has  20  pairs  of  poles ;  revolving  at  300  revolutions  per  minute 
gives  100  periods  per  second.  Weight  of  revolving  magnet  and  shaft  15  tons  : 
total  weight  of  machine  20  tons.  Magnetization  of  poles,  7400  lines  per  square 
centimetres.  Breadth  of  single  armature  coil,  7-j^  inch  (=  9^);  effective  length 
of  ditto  1(4  inch  ;  width  of  coil,  f  inch.  Excitation  on  open  circuit  takeg  2800 
watts:  at  full  load,  3650  watts,  or  less  than  i}  per  cent,  of  output  Drop  in 
volts  at  lull  load,  if  excitation  is  constant,  4}  per  cent ;  electrical  efficiency 
(including  excitation),  97  per  cent ;  guaranteed  commercial  efficiency,  93  per  cent. 
The  sliding  connexions  for  the  exciting  current  are  made  by  two  flexible  strips  of 
metal  gauze,  weighted  at  one  end,  which  hang  over  the  two  contact-rings. 

Some  still  larger  machines  of  500  kilowatts  are  being 
constructed  from  Mr,  Mordey's  desig^ns. 

Mr.  Mordey  has  designed  ^  a  considerable  number  of  altemative 
forms,  all  characterised  by  the  combination  of  the  two  principles  of 
simplicity  of  magnetic  circuit  and  non-reversal  of  polarity  in  the 
armature.  Some  designs  for  machines  of  kindred  type  have  been 
patented  by  W.  Main.' 

>  Specification  of  Patent,  8262  of  1887. 

*  Specifications  Nos.  15,858  and  16,032  of  1887.  "The  device  of  employing 
field-magnets  with  a  greater  number  of  pole-pieces  than  of  exdting  coils  had  been 
previously  employed  by  Holmes  (Specification  2060  of  1868),  and  more  recently 
by  J.  and  E.  Hopkinson. 
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Inductor  Alternators. 

Morde/s  Inductor  A lemators. — An  inductor  alternator  of  Moxdey's 
desigD  is  shown  in  Fig.  439.     The  armatare  coils  e  are  placed  upon 


MosDEv's  Inouctob  Alternator  (First  Type). 


the  ends  of  (J-shaped  iron  stampings  a,  ananged  in  sets  around  a 
single  exdting  coil  e.  A  number  of  plates  of  laminated  iron  i,  fixed 
upon  a  central  wheel,  are  canied  past  the  outer  masses  of  iron,  and 
reinforce  their  magnetic  circuits  in  alternating  succession.' 

Although  in  this  form  only  a.  single  annular  field  winding  is  used, 
the  armature  winding  consists  of  a  considerable  number  of  coils.  In 
a  later  patent  ^  the  same  designer  has  suggested  several  forms  in 
which  he  employs  only  a  single  annular  winding  for  the  armature  as 
well  as  for  the  field  Fig.  439a  shews  the  application  of  this  prin- 
ciple in  an  inductor  alternator,  in  which  c  is  the  exciting  coil  and  e 

■  This  principle,  suggetted  by  seTera]  early  woiken  (tee  Historical  Notei, 
p.  ii),  wu  revived  by  the  author  of  this  trealtse  in  1S83,  in  a  fbim  which  is 
described  in  hii  Sped£cUion  of  Patent,  No.  1639  of  18S3,  and  which  led  np  to 
Ur.  Kingdon's.  Diawingt  of  thi*  latter  machine  ate  given  in  Eltetriral  Raiitm 
xni.  178,  1888. 

■  Mo.  5162  of  1S8S. 
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is  the  armature  winding.    This  machiBC  may  be  looked  upon  as  an 
apparatus  for  periodically  vaiying  the  mutual  induction  between  two 
circuits,  in  one  of  which  there  is  a  steady  cuirent. 
Fic.  439A. 


uaiJ 


T77//>7/i    ISITOjJ^ — 


Mordkt's  Inddctok  Alteknatok  (Second  Type). 
Fig.  440. 


Kikgdon's  Inductor  Alteenator. 
Inductor    Alternator.  —  The    last  -  mentioned 
machine  closely  resembles  an  earlier  and  successful  design  of  | 
Mr,  J.  A.  Kingdon.    In  this  dynamo  the  principle  of  Rxine 
both  armature  and  field-magnets   is  applied  in  a  difTercnt . 
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fashion.  A  ring  having  a  lai^  number  of  internally  pro- 
jecting poles  is  entirely  built  up  of  lamime  of  soft  iron.  The 
alternate  poles  A  are  wound  with  coils  to  serve  as  armature 
parts,  whilst  those  between  them  F  are  wound  with  other  coils 


JtLiKU  Thomson's  Inductor  Dynamo. 


to  act  as  the  magnet  part.  Upon  an  internal  wheel  are  borne 
masses  of  laminated  iron  F,  which  in  rotating  produce  rapid 
periodic  reversals  in  the  magnetic  polarity  of  the  cores  of  the 
armature  parts,  and  set  up  alternate  currents  in  the  coils  that 
surround  them. 
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In  the  sokilowatt  machine  there  are  i6  field-magnet  ot 
primary  coils,  and  i6  armature  or  secondary  coils.  The 
inductor  wheel  carries  i6  inductor  blocks  each,  just  long 
enough  to  span  the  width  of  two  successive  coils  on  the  poles 
of  the  outer  ring.  Its  diameter  is  4  feet  5  inches,  and  breadth 
12  inches;  speed  350  revolutions  per  minute.  Two  of  these 
alternators  supply  the  central  station  at  Woking.  Another 
was  shown  at  Frankfort  by  Messrs.  Woodhouse  and  Rawson. 

Elihu  Thomson's  Inductor  Alternator. — In  this  machine 
also,  the  only  rotating  parts  are  of  iron.  On  a  central  cylinder  of 
iron,  M  (Fig.  441),  are  fixed  a  niunber  of  plates  stamped  out  to  the 
form  shown  at  N.  Outside  this  revolving  part  is  an  armature  A 
built  of  toothed  core  disks,  having  coils  on  the  inwardly  projecting 
teeth,  which  are  twice  as  numerous  as  the  projections  of  the  inductor 
part  N.  Some  fixed  coils  placed  on  either  side  of  N  are  separately 
excited  so  as  to  make  N  a  north  pole,  and  the  end  fiames  of  the 
machine  south  poles.  Hence  the  inductor  becomes  virtually  a 
rotating  field-magnet,  having  a  set  of  poles  of  but  one  polarity,  which 
completes  their  magnetic  circuit  through  the  armature  coils  in 
alternate  succession.  Some  large  central  station  alternators  on  this 
plan,  having  a  capacity  of  375  kilowatts,  have  lately  been  constructed. 
The  inductors  are  carried  on  a  wheel  6^  feet  in  diameter.  There 
are  thirty-six  armature  coils. 

Kennedys  Alternators. — Niunerous  ingenious  designs  of  kindred 
type  have  been  produced  by  Mr.  Rankine  Kennedy. 

Constant-Current  Alternators. 

A  variety  of  alternators  for  supplying  currents  of  an 
unvarying  number  of  virtual  amperes  for  the  purpose  of  arc- 
lighting  in  series  has  been  evolved  in  the  United  States  ;  the 
principal  forms  being  those  of  Stanley  ^  and  of  Heisler.*  The 
principle  of  these  machines  is  to  so  construct  the  armature 
that  it  has  great  self-induction.  This  is  accomplished  in  the 
Stanley  constant-current  alternator  by  using  in  the  armature 
a  fine  wire  of  many  turns  wound  deep  in  nicks  in  the  core- 
disks. 

*  Bkctrkal  Worlds  xv.  45,  and  xvl  339,  1890 ;  also  The  EUctridan^  xxiv. 
623,  XXV,  145,  and  xxvi.  20,  1890. 
'  Electrical  Review,  xxv.  207,  18S9. 
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It  has  been  pointed  out  on  p.  642  that  the  separate  circuits 
of  the  winding  of  Gramme's  alternator  would  yield  alternate 
currents  which  differ  in  phase  from  one  another,  and,  therefore, 
must  be  used  in  different  circuits.  Quite  recently  alternators 
generating  currents  of  different  phases  have  come  into  vogue, 
not  for  lighting  but  for  supplying  power  to  motors  of  a 
special  class  (see  p.  703),  namely  those  requiring  multiphase 
currents. 

The  principle  of  multiphase  working  consists  in  providing 
the  armature  of  the  alternator  with  coils  grouped  in  sets  of 
two,  three,  or  more,  which  come  sijccessively  into  action  in 
each  period.  Several  ways  of  arranging  such  windings  are 
further  considered  in  Chapter  XXIV.  on  Alternating  Motors. 
For  the  present  it  wilt  suffice  to  say  that  whether  the  arma- 

Fio.  441. 


Devbu>fed  Diagkam  of  Thrbk-fhasb  Windiho. 

ture  be  of  ring,  drum,  pole,  or  disk  type,  it  is  always  possible 
to  arrar^e  for  multiple  circuits  by  properly  spacing  the  coils 
with  respect  to  the  field-poles,  and  the  method  is  equally 
applicable  to  lap-windings  and  wave-windii^s.  One  example 
only  is  given  here,  of  a  three-phase  winding.  In  Fig.  442  are 
shown  three  separate  wave-windings  A,  B,  and  C,  which  are 
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Fig.  443. 


spaced  out  at  equal  distances  from  one  another,  the  width 
between  the  separate  active  conductors  being  one-third  of  the 
pitch    At  one  point  J  these  three  windings  form  a  common 

junction,  whilst  their  other  ends  are  sup- 
posed to  be  connected  to  three  contact 
rings,  to  each  of  which  there  is  a  col- 
lecting brush.  This  figure  should  be 
compared  with  the  ordinary  alternator 
windings,  Figs,  202  and  203,  on  p.  313. 
The  winding  shown  would  yield  three 
currents  differing  in  phase  by  I20^  The 
three-phase  principle  may  be  illustrated 
by  SI  diagram  such  as  Fig.  443  on  the 
same  plan  as  Fig.  396,  p.  621.  The  three  lines  at  120**  apart 
are  supposed  to  rotate  ;  and  the  lengths  cut  off  by  the  two 
inner  circles  indicate  the  values  of  the  varying  electromotive- 
forces  in  the  three  circuits. 

Brown's  Three-p/iase  Alternator. — This  alternator,  which 
was  designed  for  supplying  the  currents  in  the  famous  trans- 
mission of  power  from  Lauffen  to  Frankfort,  in  the  autumn  of 
1 89 1,  was  constructed  at  the  Oerlikon  works.  Its  aspect 
is  shown  in  Plate  XXVIII.  The  machine  generates  three 
currents  each  of  1400  amperes  at  a  pressure  of  50  volts, 
taking  300  HP.  when  running  at  150  revolutions  per  minute. 
The  armature,  which  is  external,  is  stationary,  whilst  the 
field-magnet,  which  has  32  alternate  poles,  rotates  within. 
The  latter  is  shown  separately  in  the  second  figure.  The 
armature  winding  consists  of  96  copper  rods,  each  being 
29  mm,  in  diameter,  arranged  in  three  sets  of  32  each, 
connected  as  in  Fig.  442,  These  rods,  insulated  within 
asbestos  tubes,  are  buried  in  holes  punched  in  the  core-disks 
(see  p.  347),  just  within  the  inner  periphery.  The  core-disks, 
which  are  stamped  out  in  segments,  are  assembled  in  a  strong 
cast-iron  frame,  which  can  be  moved  bodily  along  the  bed- 
plate, exposing  the  field-magnet  for  Cleaning.  The  field- 
magnet  is  of  great  solidity  and  simplicity,  having  but  a  single 
magnetic  circuit.  The  exciting  coil  is  wound  on  tiie 
periphery  of  a  sort  of  pulley  of  cast  iron,  to  which  are  bolted 
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two  steel  rims,  each  of  which  has  16  projecting  horns.  These 
horns  project  inwardly,  the  N-poIes  between  the  S-poles  over 
the  exciting  coil  in  the  manner  sketched  in  Fig.  444.  This 
arrangement,  which  in  general  resembles  Mordey's,  reduces 
the  cost  of  construction  and  of  excitation  to  a  minimum.  In 
fact,  on  open  drcuit  only  loo  watts  are  spent  on  excitation — 
one  twentieth  of  one  per  cent,  of  the  output ;  and  at  full  load, 
when  the  armature  reaction  is 

a  maximum,  it  is  still  far  less  .g 

than  one  per  cent  This  ex- 
citation  is  furnished  by  a  small 
Ocrlikon  dynamo.  For  con- 
venience of  use  with  a  turbine, 
the  field-magnet  is  over-hung. 
The  exciting  current  is  con- 
veyed to  the  rotating  part  by 
means  of  flexible  metallic 
cords  running  over  insulated 
pulleys,  In  lieu  of  the  usual 

contact-rings  and  brushes.    At  Sketch  ok  Detail  of 

full  speed  and  normal  voltage, 

the  loss  by  friction  and  hysteresis  is  3600  watts,  or  under 
I  '7  per  cent  of  the  maximum  output.  The  loss  by  resist- 
ance of  armature  windings  at  full  load  is  3500  watts,  making 
total  loss  under  4  per  cent,  and  commercial  efficiency  96  per 
cent.  The  heating  is,  in  the  total  absence  of  eddy-currents, 
quite  negligible.  The  weight  is  4}  tons.  Alternators  of  this 
type  will  run  as  motors,  synchronously,  but  with  the  great 
advantage  over  ordinary  two-phase  alternators  of  being  self- 
starting. 

Coupling  of  Alternate-current  Dynamos. — The  chief  princi- 
ples governing  the  working  of  two  or  more  alternate-current 
machines  on  the  same  circuit  were  experimentally  discovered 
by  Wilde,  and  described  by  him  in  a  paper  published  in  the 
Philosopkical  Magazine  as  far  back  as  January  1869.  In 
the  midst  of  the  labour  devoted  during  succeeding  years  to 
the  development  of  direct-current  machines,  Wilde's  papci- 
appears  to  have  been  quite  foi^otten,  and  it  was  not  until 

2   Y 
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Dr.  Hopkinson  independently  took  up  the  question  and 
treated  it  in  his  lecture  on  "  Electric  Lighting,"  before  the 
Institution  .of  Civil  Engineers  in  1883,  that  attention  was 
recalled  to  the  subject.  Dr.  Hopkinson's  method  of  procedure 
differed  essentially  from  Wilde's  in  that  he  first  deduced  the 
behaviour  of  certain  alternate-current  dynamos  under  given 
conditions  from  theoretical  considerations,  and  afterwards, 
when  opportunity  occurred,  practically  tested  and  verified  his 
theoretical  conclusions.  In  the  following  remarks  we  shall 
chiefly  follow  the  line  of  argument  used  by  Dr.  Hopkinson, 

In  order  that  two  or  more  alternate-current  machines  may 
work  usefully  together,  it  is  easily  seen  that  the  periodic  time 
of  the  alternations  of  one  machine  must  be  exactly  equal  to  or 
at  least  some  very  small  multiple  of  the  periodic  time  of  the 
other.     In  practice  only  the  first  case  has  been  carried  out 
hitherto.     Let  us  consider  then  the  case  of  two  exactly  similar 
and  equal  machines  A  and  B,  running  at  the  same  speed  so 
that  the  periodic  time  of  the  alternations  of  electromotive- 
force  is  the  same  in  each  machine.     If  the  phase  ^  of  these 
two  machines  happens  to  be  exactly  the  same,  and  they  are 
joined  in  series,  then  evidently  the  two  electromotive-forces 
will  be  added  together  and  the  two  machines  will  behave  as 
one.     But  such  a  condition  of  affairs  will  be  unstable ;  and  if 
anything  happens,  such  as  a  slip  of  one  of  the  driving-belts,  to 
alter  slightly  the  exact  agreement  of  phase,  the  mutual  elec- 
trical action  will  tend  to   increase  the   difference  of  phase 
instead  of  counteracting  it.     In  Fig.  445  let  the  abscissae 
measured    along    O  X    represent    time,    and    the    vertical 
distances  electromotive-force ;  then  the  curves  AAA    and 
B  B  B  will  represent  the  march  of  the  alternations  of  electro- 
motive-force in  the  two  machines,  the  curve  BBB,  which 
lies  to  the  right  of  AAA,  being  the  one  corresponding  to 
the  machine  which  lags  behind  the  other   in   phase.     The 
curve  E  E  E,  which  is  obtained  by  adding  the  ordinates  of 
the  other  two  curves,  gives  the  resultant  electromotive-force  in 

'  By  the  phase  being  the  same  we  mean  that  the  maximum  of  positive  electro- 
motive-force occurs  at  exactly  the  same  instant  in  each  machine.    In  any  other 
the  phases  differ. 
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the  circuit  at  any  instant.  As  shown  on  "p.  627,  the  current 
will  have  the  same  periodic  time  as  this  last  electromotive- 
force,  but  will  lag  behind  it  in  phase.  It  may  therefore  be 
represented  by  the  dotted  curve  III,  in  which  the  ordinates 
represent  current  instead  of  electromotive-force.  Now  the 
rate  at  which  either  machine  is  putting  energy  into  the  circuit 
at  any  instant  is  given  by  the  product  of  the  ordinate  of  1 1 
at  that  instant  by  the  ordinate  of  the   electromotive-force 

Fig.  445. 


curve  for  that  machine  at  the  same  instant.  Thus  at  the 
instant  N  the  machine  A  is  doing  work  at  the  rate  N  K  x  N  G, 
and  the  machine  B  at  the  rate  N  A  X  N  G.  The  meaning  of 
the  product  being  sometimes  negative  is  that  the  machine  is 
at  that  moment  absorbing  energy  from  the  circuit  The  total 
work  done  by  either  machine  during  a  complete  alternation  ot 
current  is  obtained  by  summing  up  for  the  whole  alternation  the 
above  products,  each  multiplied  by  the  small  interval  of  time 
dt  during  which  it  can  be  assumed  to  be  constant  This  is 
most  readily  summed  analjrtically,  but  may  be  done  graphi- 

2  Y  2 
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cally  as  follows.  Plot  a  new  set  of  curves,  in  which  the 
abscissae  are  the  same  as  before,  but  the  ordinates  are  the 
products  of  electromotive-force  and  current  for  each  machine 
for  each  instant  of  time.    The  result  will  somewhat  resemble 


Fig.  446. 


Fig.  447- 


Fig.  446,  which  has  been  obtained  thus"  from  Fig  445.  Here 
the  curve  aaa  refers  to  machine  A,  and  bbb  to  machine  B. 
The  total  work  is  obtained  by  measuring  the  area  included 
between  each  curve  and  the  axis  of  abscissae,  remembering 
that  areas  below  the  axis  are  to  be  reckoned  as  negativey  and 
arithmetically  deducted.      A  moment's   inspection  of  these 
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curves  will  show  that  machine  B  is  doing  more  work  than 
machine  A.  In  fact,  the  curve  aaa  is  symmetrical  about 
the  horizontal  axis  ;i/;i/y  whereas  the  curve  bbb  is  exactly 
similar  to  it,  but  is  symmetrical  about  the  higher  axis  ^  J\ 
and  therefore  the  positive  area  included  between  it  and  the 
axis  of  time  is  necessarily  greater  than  that  for  the  curve  aaa. 
The  lagging  machine  B  has  therefore  most  work  thrown  upon 
it,  and  will  consequently  be  retarded ;  thus  the  lag  will  be 
increased,  and  the  resultant  electromotive-force,  and  conse- 
quently the  current,  thereby  diminished.  But  that  the 
tendency  will  still  be  towards  further  lagging  is  shown  in 
Figs.  447,  448,  which  are  drawn  in  the  same  way  and  to  the 
same  scale  as  Figs.  445  and  446,  but  with  increased  lag  of 
machine  B.    The  lag  will  therefore  continue  to  increase,  and 

Fig.  448. 


the  resultant  electromotive-force  and  current  to  diminish, 
until  such  time  as  the  electromotive-forces  of  the  two  machines 
differ  in  phase  by  exactly  half  a  period,  and  therefore  directly 
oppose  one  another.  In  this  case  the  resultant  electromotive- 
force  will  be  continually  zero,  and  therefore  no  current  will 
flow.  Figs.  445  and  447  will  be  reduced  to  Fig.  449.  This 
condition  of  affairs  is  stable,  since  if  an)rthing  disturbs  the 
.exact  opposition  of  phase  the  electrical  action  will  tend  to 
re-establish  it 

Another  deduction  from  the  above  proof  is  that  the 
machines  will  theoretically  work  perfectly  well  in  parallel. 
For  let  A  ^7  (Fig.  450)  represent  the  collectors  of  machine  A, 
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and  B  b  those  of  machine  B ;  then,  as  shown  above,  if  these 
are  joined,  A  to  B,  and  a  to  b,  as  in  the  dotted  lines  of  the 
figure,  no  current  will  flow,  and  if  an  arc-lamp  be  placed  in  ^^ 
or  B  A  it  will  not  light  up.  In  fact,  A  and  B  are  both  at  their 
maximum  positive  potential  simultaneously,  and  at  the  same 

Fig.  449. 


instant  a  and  b  are  at  their  maximum  negative  potential.  But 
this  is  exactly  the  state  of  affairs  which  will  enable  us  ta 
obtain  a  current  through  the  circuit  P  R/ joined  on  to  the 
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wires  A  a  and  B  *  at  the  points  P  and/.  With  this  arrange* 
ment  the  machines  are  working  in  parallel  through  the  circuit 
PR/. 

A  still    further  deduction  is  that  an    alternate-current 
machine  can  be  used  as  a  motor.     In  this  case  machine  B 
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(the  lagging  machine)  is  the  generator,  and  is  doing  positive 
work  upon  the  current,  whereas  machine  A  is  doing  negative 
work  upon  the  current,  i.  e.  is  receiving  energy  therefrom,  and 
is  therefore  acting  as  a  motor.  The  conditions  are  that  the 
lag  of  one  electromotive-force  behind  the  other  shall  be  greater 

Fig.  451.  ' 


than  a  quarter  period,  the  lag  of  the  current  being  as  usua) 
either  equal  to  or  less  than  a  quarter  period  behind  the 
resultant  electromotive-force.  These  statements  are  readily 
proved  by  re-drawing  Figs.  445  and  446  under  the  above 
conditions.     Here  is  the  result  in  Figs.  451  and  452. 


A  more  curious  result  still  is  that  A  can  be  driven  as  a 
motor  by  6  even  if  its  electromotive-force  is  greater  than  that 
ofR*    The  proof  is  precisely  the  same  as  that  just  given^ 
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and  is  left  for  the  student  to  work  out  for  himself  as  an 
exercise. 

All  the  curves  given  are  for  the  same  pair  of  machines, 
running  at  the  same  speed  throughout,  and  with  the  same 
total  resistance  and  inductance  in  the  outer  circuit.  The  lag 
of  the  current  behind  the  resultant  electromotive-force  is 
therefore  the  same  in  each  case  (see  p.  627). 

It  is  scarcely  necessary  to  say  that  the  analytical  proofs 
are  in  perfect  accord  with  the  graphic  ones.  A  further  result 
of  the  analytical  method,  which  is  not  so  amenable  to  graphic 
treatment,  is  that  the  energy  wasted  in  eddy-currents  in  the 
iron  when  the  machine  is  short  circuited  is  less  than  when  it  is 
running  on  open  circuity  and  therefore  the  machine  will  be 
cooler  when  used  to  generate  a  current  than  when  allowed  to 
run  without  doing  so.  This  fact  has  long  been  well  known  in 
connexion  with  alternating-current  machines,  and  is  well  illus- 
trated by  the  following  experiments  made  by  Dr.  Hopkinson 
on  a  De  Meritens  machine : — 

■ 

Power  given  to  machine  \  «  .        , 

asmStfuredonbelt  ..  /    3'        4^        5^        65        54 

Electric  power  developed       0*7        3*4        4*3        5*7        3*4 

Power  lost      2*4        1-4        i'3        0*8        2*o 

Mean  current  in  amperes        7*7      38*6      51*7      73*6        151 

It  will  be  noticed  that  the  loss  of  power  is  least 'W&a  maximum 
load. 

The  above  conclusions  have  been  brought  by  Dr. 
Hopkinson  and  Pro£  Adams  to  the  test  of  experiment 
with  the  three  large  De  Meritens  machines  used  for  the 
investigation  on  ''Lighthouse  Illuminants ''  at  the  South 
Foreland. 

Two  of  the  machines  were  connected  in  parallel  and 
clutched  together  until  they  had  attained  their  usual  speed, 
when  they  were  unclutched  and  each  was  driven  by  its  own 
belt.  The  electromotive-force  on  open  circuit  remained  steady, 
the  machines  continuing  to  rotate  in  unison,  and  was  the  same 
as  that  of  one  of  the  machines  when  tested  by  itsel£  No 
current  passed  along  the  connecting  wires.  The  circuit  PR/ 
<Fig.  450)  was  now  closed  through  an  arc-lamp ;  the  machines 
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continued  to  run  as  steadily  as  before,  although  a  large  current 
of  221  amperes  was  passing  through  the  arc  Lastly,  the 
lamp  circuit  was  broken,  the  machines  were  short-circuited  on 
one  another,  and  the  belt  was  thrown  off  one  of  them  ;  it  con- 
tinued to  nm  at  the  same  steady  speed,  being  driven  as  a 
motor  by  the  current  from  the  other  machine.  Other  experi- 
ments were  made,  all  confirming  the  theoretical  conclusions. 

Dr.    Hopkinson    has    pointed    out    that,    assuming    the 
adequacy  of  his  equations,  which  suppose  all  magnetizing  or 
demagnetizing  actions  in  the  armature  to  be  absent,  it  results 
from  his  equations  that  two  alternators  running  in  parallel 
will  tend  best  to  keep  in  phase  by  mutual  control  when  the 
ratio  of  their  internal  resistance  to  their  coefficient  self-induc- 
tion is  equal  to  2  tt  times  the  frequency.     This  proposition 
has  been  supposed  by  some  to  imply  that  the  presence  of 
self-induction  in  the  armature  is  good  for  alternate-current 
machines,  in  order  to  assist  them  to  run  in  parallel.     It  was 
therefore  supposed  that  those  machines  having  iron  cores  in 
their  armatures  were   preferable   to   those   having   no  iron. 
Indeed,  Mr.  Kapp^  suggested  at  one  time  that  to  fit  alterna- 
tors for  parallel  running,  either  their  armature  resistance  or 
their  self-induction  would  have  to  be  increased,  thus  reducing 
the  efficiency  of  the  plant     Against  these  views  Mr.  Mordey* 
has  very  clearly  laid  down  the  proposition  that  for  successful 
parallel  running  both  resistance  and  self-induction  should  be 
as  small  as  possible,  and  all  armature  reactions  should  be  as 
far  as  possible  obviated  by  employing  massive  powerful  field- 
magnets.     He  constructed  two  alternators  which  conformed 
to  this  leading  principle,  each  capable  of  yielding  17  to  20 
amperes  at  2000  volts  when  running  at  650  revolutions  per 
minute,   and  making  a  frequency  of    100  alternations  per 
second.     With  these  two  machines  he  conducted  a  number  of 
convincing  experiments,  which  are  described  in  the  important 
paper  which  he  communicated  in  1889  to  the  Institution  of 
Electrical  Engineers.    These  two  machines  (each  separately 
-excited)  ran  perfectly  when  switched  in   parallel  with  one 

*  Proc.  Inst  Civil  Engineers^  xcviL  14,  18S9. 

*  Journal  Inst,  Electrical  Engineers y  xviii.  591,  1889. 
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another:  (i)  when  both  were  first  brought  to  equal  voltage 
and  into  agreement  of  phase,  with  or  without  a  load 
of  lamps  on  the  circuit ;  (2)  when  excited  to  lOCXD  and  2cxx> 
volts  respectively  and  separately  brought  into  agreement  of 
phase ;  (3)  when  excited  to  icoo  and  2000  volts  respectively 
and  switched  together  when  out  of  phase,  a  sufficient  current 
passing  for  an  instant  from  one  to  the  other  to  produce  con- 
cordance of  phase ;  (4)  when  separately  excited  to  2000  volts 
each,  and  switched  together  out  of  phase ;  (s)  when  after 
running  together  in  parallel  one  was  suddenly  disconnected 
from  its  driving  engine ;  (6)  when  afler  running  together  in 
parallel,  steam  was  suddenly  shut  off  from  one  engine ;  this 
alternator  then  running  perfectly  as  a  motor  and  driving  the 
engine  and  shafting.  In  all  these  cases  there  was  perfect 
synchronism.  The  change  of  phase  needful  to  convert  a 
leading  into  a  lagging*  machine  need  be  only  through  a  small 
angle ;  but  as  in  the  alternators  of  Mordey's  pattern  (p.  676) 
the  momentum  of  the  moving  parts  is  very  great,  nothing 
but  a  very  considerable  rush  of  current  for  an  extremely  short 
time  would  suffice  to  bring  about  the  needful  change  of  phase. 
Accordingly,  Mr.  Mordey  holds  that  self-induction  and  resist- 
ance and  anything  else  that  could  retard,  check,  or  choke  the 
free  rush  of  current  would  be  detrimental  to  the  prompt  and 
efficient  mutual  controlling  action  of  the  two  machines.  That 
a  strong  mechanical  action  does  take  place  when  an  alter- 
nator is  suddenly  converted  from  generator  into  motor,  and  is 
compelled  to  change  its  phase,  is  evidenced  by  a  curious 
grunting  sound  which  it  emits  at  the  moment  Sir  William 
Thomson  has  expressed  the  opinion*  that  the  armature 
current  may,  under  the  various  phase-relations,  produce  con- 
siderable quasi-permanent  magnetizing  and  demagnetizing 
actions  which  affect  the  mutual  control.  Experience,  how- 
ever, shows  that  if  two  machines  are  run  with  very  weakly 
excited  field-magnets  their  synchronizing  power  is  practically 

^  These  tenns  refer,  as  above,  to  the  leading  or  lagging  of  the  electromotive- 
force  ivith  respect  to  the  current. 

"  ymtmallmU  Electrical  Engineers^  xviii.  p.  667,  1889,  in  the  discussion  of 
Mr.  Mordey 's  papei . 
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nil,  whereas  when  strongly  excited  their  synchronizing  power 
is  enormous.  This  single  fact  shows  that  the  ability  to  main- 
tain synchronism  depends  on  the  forces  which  are  due  to  the 
drag  of  the  magnetic  field  on  the  armature  conductor  carrying 
currents.  It  therefore  proves  that  the  essential  fact  in  the 
maintenance  of  synchronism  is  the  interchange  of  currents 
between  the  two  machines y  which  interchange  of  current  always 
sets  up  forces  tending  to  so  alter  the  phase-relations  as  to  reduce 
such  currents  to  a  minimum.  This  proposition,  which  is  a  mere 
extension  of  the  universal  law  of  action  for  electric  motors 
(see  p.  589),  is  applicable  not  only  to  those  cases  where  one 
of  the  two  machines  is  acting  as  a  motor,  but  to  the  cases 
where  the  machines  are  both  acting  as  generators.  When  twa 
machines  are  being  used  as  generators,  in  parallel,  it  is 
always  possible  to  control  the  division  of  the  load  between 
them  by  controlling  the  amounts  of  exciting  current 
supplied  to  their  respective  field-magnets.  They  adjust 
their  own  phase-relations  to  suit.  It  is  therefore  clear  that 
the  question  whether  the  ratio  of  self-induction  to  resistance 
has  any  particular  value,  is  of  quite  trifling  importance  in  the 
question  of  synchronization.  For  this  ratio  is  practically  the 
same,  no  matter  whether  the  field  is  strong  or  weak,  and  yet 
the  synchronization  is  entirely  dependent  on  the  field  being 
strong. 

For  further  information  on  this  subject  the  reader  is  referred  to 
an  article  by  Dr.  G.  Schmidt,  in  Centralblatt  fur  Ehktrotechnik^  ix. 
440,  1887,  dealing  with  methods  of  indicating  difference  of  phase  in 
alternate-current  dynamos^  by  Elihu  Thomson,  in  Electrical  Worlds 
vol-  ix.  p.  258,  May  1887,  and  vol.  xi.  p.  39,  Jan.  1888. 
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CHAPTER  XXIV. 

ALTERNATE-CURRENT  MOTORS. 

As  pointed  out  on  p.  694,  an  ordinary  alternate-current 
generator  may  also  serve  as  a  motor  having  the  following 
peculiarities :  (i)  it  will  not  start  itself,  but  must  be  first  run 
up  to  its  proper  speed,  and  then  switched  into  circuit; 
(2)  when  once  so  started  it  will  run  in  absolute  synchronism 
with  the  generator  at  all  loads  within  its  range  of  work. 
Many  attempts  have  been  made  to  devise  self-starting 
alternate  motqrs,  there  being  now  four  well-established  classes 
of  such  machines.  The  classification  adopted  is  based  upon 
that  of  M.  Hospitaller.^ 

Class  I. — Synchronous  Motors. 

This  class  includes  all  ordinary  alternators  having  field- 
magnets  either  of  permanently  magnetized  steel,  or  separately 
excited  from  some  independent  source,  or  excited  from  their 
own  currents  by  the  intervention  of  a  special  commutator,  as 
in  the  self-exciting  alternators  of  Wilde  (p.  646),  of 
Zipemowsky  (p.  662),  and  of  Elihu  Thomson  (p.  660).  The 
essential  feature  of  these  machines  consists  in  the  fact  that 
the  field-magpet  remains  of  unvarying  polarity.  Ordinary 
two-phase  alternators  are  not  self-starting  as  motors :  but 
multi-phase  alternators,  when  fed  with  currents  in  appropriate 
phases,  are  self-starting  provided  the  initial  load  is  not  too 
great,  since  the  successions  of  phase  in  the  armature  windings 
produce  a  rotating  magnetic  field  which  causes  the  motor  to 
rotate  at  first  slowly,  then  more  rapidly,  up  to  complete 
synchronism. 

The  properties  of  ordinary  alternators   as  synchronous 

'  SocUU  Fran^aise  de  Physique^  July  17,  1891. 
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motors  have  been  studied  by  Wilde/  Hopkinson,^  Adains,* 
and  Mordey.* 

Consider  the  case  typified  in   Fig.  453,  in    which  two 
similar  machines  are  used  as  generator  and  motor.    In  these 

Fig.  453. 


•         » 


a 


Transmission  by  Two-phasb  Alternators. 

the  field-magnet  rotates  within  a  laminated  ring-wound  arma- 
ture The  motor  is  supposed  to  have  been  started  and  to 
have  settled  into  almost  complete  opposition  of  phase  to  the 
generator ;  the  current  being  represented  as  in  phase  with 
the  electromotive-force  of  the  generator  and  opposed  to  that 
of  the  motor.  Two  lines  are  needed,  one  for  the  out-goings 
the  other  for  the  return  current.  Should  the  motor  lag  in 
consequence  of  an  increase  of  load,  more  current  will  flow, 
making  the  torque  greater. 


Class  II. — Laminated  Field  Motors. 

As  pointed  out  on  p.  590,  the  direction  of  rotation  of  any 
ordinary  series-wound  motor  is  the  same  irrespective  of  the 
direction  of  the  current  supplied  to  it     Hence  such  a  motor 

»  Proc,  Ut.  Phil.  Soc,  Manchester^  Dec  1868 ;  also  PhiL  Mag.^  Jan.  1869. 

*  Journal  Soe.  Teleg.  Engineers,  xiii.  496,  1884. 

»  IbieL^  p.  515,  1884.  *  Ibid.,  xviii.  592,  1889, 
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ought  also  to  run  when  fed  with  alternating  currents.^  But 
in  this  case  it  is  essential  that  the  field-magnets  be  carefully- 
laminated  ;  otherwise  they  will  be  over-heated  with  currents 
induced  in  the  solid  iron.  Such  laminated  motors  have  been 
successfully  used  on  a  small  scale.  Shunt-wound  laminated 
field-motors  should  similarly  run  with  alternate  currents :  but 
the  great  self-induction  of  the  magnet-circuit  tends  to  introduce 
a  phase-complication.  Mr.  LI.  B.  Atkinson  has  suggested  * 
several  combinations  of  such  motors  to  secure  uniformity  of 
running.  In  all  two-phase  motors  there  is  of  necessity  a 
discontinuity  in  the  driving  forces,  seeing  that  twice  in  each 
alternation  the  current  dies  down  to  zero.  The  effect  of  this 
on  the  motor  is  the  same  as  though  there  were  simultaneously 
acting  a  constant  torque  and  a  rapidly  oscillating  torque 
tending  to  rack  the  coils  backward  and  forward.  Further,  the 
rapid  reversal  of  the  magnetism  of  the  iron  in  the  field  tends 
to  waste  power  by  hysteresis.  To  minimize  this  source  of 
loss,  Mordey*  has  proposed  to  pass  the  exciting  current 
through  a  commutator  on  the  shaft  of  the  machine,  so  that  as 
the  motor  acquires  speed  the  frequency  of  the  alternations  in 
the  motor  itself  is  reduced,  until  synchrpnism  is  attained,  the 
current  then  being  an  intermittent  direct  current,  and  the 
torque  being  a  maximum.  Another  mode  of  avoiding  this 
loss  is  to  omit  all  iron  from  the  machine.  Such  a  motor  is  of 
relatively  small  power ;  but  it  is  used  with  great  success  in 
Elihu  Thomson's  electric  meter. 

Another  sub-class  of  motors  under  this  heading  is  based 
upon  the  forces  set  up  by  the  reaction  of  eddy-currents  on 
the  field  which  generates  them.  The  classical  experiments 
of  Elihu  Thomson*  on  the  repulsions  observed  in  closed 
circuits  when  placed  in  an  alternating  magnetic  field,  led  him 
to  suggest  a  form  of  motor  in  which  the  circuits  of  field-magnet 
and   armature  are  entirely  disconnected  from  one  another. 

'  See  remarks  of  Alex.  Siemens,  J<mrn,  Soc,  Tel^,  Engineers^  ziii.  537,  1884. 
'  Specifications  of  Patents,  16,852  of  1888,  and  7895  of  1889. 

*  The  Ehctrician^  xxiii.  346  :  also  Specification  of  Patent,  No.  15,555  of  18S7. 

*  Electrical  Worlds  ix.  258,  May  1887 ;  also  Tht  Electrician^  xxv.  p.  35  etseq.^ 
May  16,  1890,  in  a  series  of  articles  by  Pro£  Fleming.  See  also  an  abstract 
account  in  the  author's  work  on  The  EUdromagtut^  p.  338. 
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This  machine  may  be  regarded  as  a  species  of  transformer  in 
which  the  rotation  is  produced  by  a  series  of  mechanical 
reactions  between  the  currents  in  the  primary  coil  (acting  as 
field-magnet)  and  the  secondary  coil  acting  as  armature.  A 
closed  coil  in  such  a  field  always  tends  to  move  so  that  the 
magnetic  flux  through  it  is  a  minimum.  If  an  ordinary  ring 
or  drum  motor  be  taken  (with  laminated  field),  its  fielcj-magnet 
disconnected  from  the  armature  and  excited  by  the  alternate- 
current,  and  the  brushes  then  simply  connected  together 
(so  as  to  close  the  armature-circuit  on  itself)  and  advanced 
through  about  45^,  the  motor  will  run  and  be  self-starting. 


Class  III. — Multi-phase  Rotatory  Field  Motors, 

In  1885  was  propounded,  by  M.  Marcel  Deprez,  the 
geometrical  notion,  that  a  rotating  magnetic  field  might  be 
produced  by  the  combination  at  right  angles  of  two  alternat- 
ing currents  (varying  in  sine-functions  of  the  time)  which 
differed  by  a  quarter  period  from  one  another  in  phase.  In 
1888  the  idea  of  producing  a  rotatory  field  by  the  use  of  two 
currents  differing  in  phase,  independently  led  Professor  G. 
Ferraris,*  of  Turin,  Mr.  Nikola  Tesla,^  of  New  York,  and 
M.  Borel,*  to  the  production  of  rotatory-field  motors.  Tesla 
in  particular  worked  out  a  large  variety  of  forms  on  this  plan, 
and  gave  them  practical  shape.  The  practical  importance 
which  rotatory-field  motors  have  since  attained  renders  need- 
ful a  careful  exposition  of  this  principle  of  action. 

Theory  of  Rotatory  Field. — Referring  to  Fig.  395,  p.  620, 
in  which  a  point  is  supposed  to  move  at  a  uniform  speed 
round  a  circle,  let  the  angle  POM  through  which  the  radius 
O  P  has  turned  from  the  zero  point  be  called  6,  then  P  M  «=  sin 
€j  and  Q  P  or  O  M  =  cos  ^,  if  the  radius  be  taken  as  unity. 
The  circular  motion,  if  projected  on  a  vertical  line  will  give  a 
simple-harmonic  vertical  motion,  or  if  projected  on  a  hori- 
zontal  line  will  give  a  simple-harmonic  horizontal   motion. 

*  Rotazicmi  elettrodynamiclie,  Turin  AcacL,  zxiii.  March  188S. 

*  EUctrUal  Worlds  x.  281,  June  1888 ;  xv.  250,  1890 ;  xvi.  loi,  1890. 

*  La  iMmiire  Eleetrique,  xxix.  51,  1888. 
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Every  engineer  knows  how  readily  a  rotatory  motion  can  be 
converted  into  two  rectilinear  motions  at  right  angles  to  each 
other  by  causing  a  crank-pin  to  operate  two  connecting-rods. 
And  in  this  case  the  two  rectilinear  motions  will  differ  in 
phase  by  a  quarter  period,  for  one  will  be  at  the  middle  of  its 
stroke  when  the  other  is  at  the  end.  Conversely,  it  is  possible 
to  produce  a  circular  motion  by  compounding  together  at  right- 
angles  two  rectilinear  (simple-harmonic)  motions  that  differ 
exactly  one  quarter  period  in  phase,  so  as  to  produce  a  circular 
one.  If  the  difference  of  phase  is  not  exactly  a  quarter  period, 
the  resulting  motion  will  be  elliptical  instead  of  circular. 
When  two  alternating  currents -differing  exactly  a  quarter 
period  in  phase  are  carried  around  two  magnetizing  coils  placed 
at  right  angles  to  one  another,  thus  tending  to  produce  two 
separate  magnetic  fields  alternating  across  one  another,  their 
"conjoint  action  will  result  in  a  rotating  magnetic  field. 
Ferraris  found  that  in  such  a  field  not  only  will  pivoted 
magnets  rotate,  but  masses  of  iron,  both  solid  and  laminated, 
also  disks  and  cylinders  of  copper,  the  drag  on  these  being 
due  to  the  eddy-currents  generated  in  them  precisely  as  in 
the  classical  experiments  of  Arago,  in 
Fio.  4S4-  which  copper  disks  were  set  into  rota- 

*     *  tion   in   the   presence    of  a   rotating 

magnet     Fig.  454  illustrates  a  simple 
^  form   of  Ferraris's    motor  having    3 

copper  cylinder   pivoted   within   two 
*  *  sets  of  coils  A  A  and  B  B  which  lie  at 

right  angles  to  one  another.  If  the 
two  independent  magnetizing  forces 
follow  sine-functions,  and  are  exactly 
at  right  angles  and  differ  exactly  a 
quarter  period  in  phase,  the  torque 
will  be  uniform.  But  if  the  phase-difference  is  not  an  exact 
quarter  period,  or  the  coils  not  exactly  at  right  angles,  the 
torque  will  have  two  maxima  and  two  minima  in  each  period, 
corresponding  to  the  elliptical  motion  in  the  mechanical 
analogue. 
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Illustrations  of  Rotatory  Field  Transmission. 

In  Fig.  453,  p.  701,  the  case  of  ordinary  two-phase  alter- 
nators was  illustrated.  In  this  case  there  is  a  mere  oscillatory 
field,  magnetism  in  each  part  of  the  armature  simply  alter- 
nating in  polarity.  Such  an  alternator  has  dead  points,  and 
cannot  start  itself. 

Four^phase  Currents. — Now  suppose  that  beside  the 
two  coils  A  A'  on  each  machine  there  are  wound  other  two 
B  B'  between  the  former  pair,  and  that  these  are  connected 
through  a  new  pair  of  lines  bb  and  V  b\  Fig.  455.  It  is  clear 
that  a  second  set  of  alternating  currents  will  be  set  up  in  B  B' 

Fig.  455. 


Illustration  of  Four-phase  Transmission. 

which  will  be  exactly  a  quarter-period  in  phase  behind  those 
in  A  A'.  In  fact  the  two  currents  will  be  represented  by  the 
two  waves  of  Fig.  456.  The  electromotive-force  in  A  will  be 
greatest  just  when  the  pole  of  the  magnet  is  passing  its  middle, 
for  at  that  instant  the  rate  of  change  in  the  magnetization  of 
its  core  is  a  maximum.  And  the  maxima  for  the  B  coils  will 
correspond  to  the  zeros  for  the  A  coils  and  vice  versd.  The 
currents  in  the  A  coils  of  the  motor,  tending  to  drag  forward 
the  pole  of  the  field-magnet,  will  not  have  died  down  to  zero 

2  z 
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before  the  currents  in  the  B  coils  will  have  already  begun  ;  so 
that  there  is  no  dead  point.  It  is  easy  to  see  that  in  the 
motor  there  will  be  a  regular  displacement  around  the  ring 
of  the  resultant  poles.  At  the  moment  when  the  current  in 
A  A'  is  at  a  maximum  that  in  B  B'  will  be  zero,  and  the 
magnetizing  action  of  A  A'  will  be  to  produce  two  double- 
poles  in  the  ring  at  opposite  ends  of  a  diameter  right  under 

Fig.  456. 


Two  Alternate  Currents  differing  by  a  Quarter  Period. 

the  middle  of  the  B  B'  coils.  As  the  current  in  A  A'  dies  down 
that  in  B  B'  begins  and  increases,  and  therefore  shifts  the  pole 
forward.  When  the  currents  in  A  A'  and  B  B'  have  become 
equal  A  and  B  will  act  together  as  one  coil,  while  A'  and  B 
will  act  together  as  another  coil,  the  resulting  poles  lying  now 
between  B  and  A'  on  the  right  and  between  B'  and  A  on 
the  left.  When  the  B  current  is  at  its  maximum  the  poles 
will  lie  right  under  the  middle  of  the  A  coils.  A  pair  of 
travelling  poles  are  therefore  produced  in  the  motor  ring  by 
the  currents  coming  from  the  generator,  and  the  magnet  in 
the  motor  is  continually  trying  to  catch  up  these  travelling 
poles.  The  motor  will  be  self-starting  if  its  magnet  is  not 
too  powerful,  and  will  run  up  in  speed  until  synchronism  is 
attained. 

Since  there  is  an  actual  production  here  of  a  travelling 
polarity  in  the  ring  of  the  motor,  it  follows  that  any  mere 
mass  of  iron,  a  cylinder  for  example,  placed  in  the  rotating 
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field  will  be  set  into  rotation,  though  not  necessarily  syn- 
chronously.     And  a  cylinder  of  copper  would  be  dragged 
round  by  the  eddy-currents  induced  in  it.     But  if  such  eddy- 
currents  were  permitted  to  circulate  at  random  in  the  mass  of 
copper  there  would  be  much  waste  of  power  in  heating,  since 
the  only  useful  currents  for  driving  are  those  that  flow  at 
right-angles  to  the  magnetic  lines  and  at  right-angles  to  the 
direction  of  motion,  or,  if  oblique,  their  resolved  parts  in  this 
directioa      Hence  it  is  better  to  make  the  moving  part 
as  an  iron  core  surrounded  by  appropriate  closed  coils  of 
wire  within  which  the  induced  currents  are  confined.     Such 
closed-circuit  windings  have  been  used  by  Tesia  and  others. 
Tesla's  motors  have  been  in  successful  use  in  the  States,  the 
standard  size  being  a  7  HP,  motor  weighing  340  lbs.,  and 
having  a  nett  efficiency  over  85  per  cent      A  special  form 
due  to  Dobrowolsky '  consists  of  a  cylinder  of  iron  within 
the  periphery  of  which   are  em- 
bedded— with  or  without  insula- 
tion— a  number  of  stout  copper 
conductors  lying  parallel  to  the 
axis,  their  ends  being  united  to- 
gether so  that  they  form  closed 
circuits.     A  mere  disk  of  copper 
at   each  end — forming  with  the 
conductors  a  sort  of  squirrel-cage 
of  copper  filled  with  iron — answers 
excellently.     Or  each  conductor 
on  the  periphery  may  be  joined  by 
a  connector  (as  in  Fig.  457)   to 
each  of  the  other  conductors  which 
lies  in  the  corresponding  position 
of    symmetry.      Dobrowolsky  preferred,  in  the  motor  used 
for  the  Frankfort  transmission  in  1891,  to  invert  the  arrange- 
ment, fixing  the  closed  copper  circuits   and  their  core,  and 
using  as  the  rotating  part  that  corresponding  in  Fig.  458  to 
the  ring.     It  had  three  separate  circuits  not  closed  within  the 
■  EldtfrotahnUtht  Zaiichrift,  -a.  341,  1890 ;   also  EUctrual  World,  xv.  443, 
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tnachine  but  communicating  with  external  resistances  through 
contact  rings.  It  was  thus  possible  to  prevent  the  enormous 
rush  of  induced  current  which  otherwise  might  occur  at 
starting,  and  which,  though  it  would  not  harm  the  motor 
might  have  an  injurious  reaction  on  other  parts  of  the  system 
The  external  resistance  could  be  cut  out  when  the  motor  had 
got  up  its  speed. 

When  such  rotating  combinations  of  copper  and  iron  are 
used  it  becomes  a  question  which  part  of  the  machine  should 
be  considered  as  armature,  and  which  as  field-magnet.  If  the 
ring  is  regarded  as  armature,  then  the  copper  and  iron  com- 
bination must  be  looked  upon  as  a  field-magnet  which  is  self- 
magnetized  by  the  eddy-currents  in  the  copper,  and  which  is 
continually  trying  to  catch  up  the  rotating  poles  outside  it  so 
as  to  reduce  those  eddy-currents  to  a  minimum  and  keep  its 
magnetic  polarity  constant.  If,  however,  the  ring  be  looked 
upon  as  the  equivalent  of  a  rotating  magnet,  then  the  com- 
bination of  copper  and  iron  must  be  considered  as  an 
armature  in  which  currents  are  induced,  and  which  is  driven 
by  the  reaction  of  these  currents. 

So  far  it  has  been  supposed  that  the  two  circuits  of  the  A 
and  B  coils  were  kept  separate,  requiring  four  wires.  As  a 
matter  of  fact,  only  three  wires  are  necessary ;  for  a  single 
common  return  might  be  provided  for  the  a  and  b  wires 
instead  of  two  separate  wires,  the  current  in  the  return  being 
the  algebraic  sum  of  the  currents  in  a!  and  b'  at  every  instant, 
and  therefore  having  a  maximum  value  i  '4  times  as  great. 

Three-phase  Currents, — Another  mode  of  using  three  wires 
is  to  generate  three  equal  currents  differing  in  phase  byH4io^ 
or  by  60°  from  one  another.  The  three-phase  alternator  of 
Brown,  used  at  Lauflfen,  was  described  on  p.  688.  Three- 
phase  motors  have  been  suggested  by  Tesla  and  others.  An 
illustration  of  the  three-phase  system  is  afforded  by  Fig.  458, 
in  which  the  rings  are  wound  with  three  coils  all  joined  at 
their  ends  and  united  to  the  three  lines.  In  this  case  the 
current  in  any  one  line  is  equal  to  the  algebraic  sum  of  the 
currents  in  the  other  two,  and,  with  the  arrangement  shown, 
the  phase  of  the  currents  in  any  one  of  the  lines  is  intermediate 
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between  the  phase  of  the  currents  in  the  two  coils  feeding  it 
For  example,  the  current  in  a  is  intermediate  in  phase 
between  those  in  coils  P  and  Q  in  the  generator.  Further, 
in  the  motor  the  current  in  P  is  intermediate  in  phase 
between  the  currents  in  c  and  a.      As  the  magnet  rotates  in 

¥m.  458. 


GENERATOR  MOTOR 

Illustration  of  Three-phase  Transmission. 

the  generator  a  travelling  pole  will  be  produced  in  the  ring  of 
the  motor  as  before.  It  will  be  noted  that  the  coils  here  con- 
stitute a  closed  circuit  There  are  indeed  several  ways  of  con- 
necting up  three  coils  so  as  to  produce  the  rotatory  efTect,  the 
following  being  possible:  (i)  each  of  the  three  coils  might 
be  independently  joined  by  two  wires  to  the  ends  of  the  three 
corresponding  coils,  requiring  six  lines ;  (2)  three  ends  of  the 
three  coils  might  be  independently  joined  by  three  wires  to  the 
three  corresponding  ends  of  the  coils  in  the  motor,  their  three 
other  ends  being  united  to  a  common  return  line,  so  involving 
four  wires ;  (3)  the  three  coils  a,  b,  and  c  may  be  simply 
joined  at  a  common  junction  J  (Fig.  459),  from  which  they 
branch  star-wise  each  to  its  own  line ;  (4)  the  three  coils 
may  be  joined  as  p,  g,  and  r  in  Fig.  460,  in  a  closed  mesh 


7 1  o  Dynamo-Electric  Machinery. 

joined  with  the  three  lines  at  its  corners.  In  this  case  the 
phases  bf  the  currents  in  /,  y,  and  r  are  intermediate  between 
those  of  the  three  currents  in  the  lines ;  (5)  six  coils  may  be 
used  as  in  Fig.  461,  which  shows  the  way  of  getting  a  six-phase 
effect  out  of  a  three-phase  current  by  combining  the  star  and 
mesh  arrangements  ;  (6)  by  merely  winding  a  coil  left- 
handedly  instead   of  right-handedly  the  phase  of  its  mag- 


c  c 


Star  Combination.  Mesh  Combination.  Star  and  Mksh 

Combination. 

netizing  force  is  reversed.  For  example,  a  reversed  coil 
inserted  in  a  (in  Fig.  459)  would  give  an  effect  differing  i  So"* 
in  phase  from  a,  and  therefore  intermediate  between  b  and  c. 
By  constructing  a  star  with  reversed  coils  in  each  branch,  six 
phases  can  thus  be  got  from  a  three-phase  current. 

The  mode  in  which  the  three  currents  overlap  in  phase  is 
shown  in  Fig.  462,  the  phase  difference  being  here  120°. 
Three  currents  with  phase-difference  60**  will  also  serve  for 
rotatory  work,  and  can  be  converted  into  three  of  120**  by 
merely  inverting  the  connexions  of  one  of  the  coils  at  each 
end.  Dobrowolsky,  who  applied  the  name  Dreh-strom^  or 
rotatory  current^  to  the  system  of  currents  alternating  in 
periodic  succession  of  phases  and  producing  a  rotatory  field, 
has  urged  the  superiority  of  the  three-phase  arrangement 
over  four-phase,  on  the  ground  that  if  one  constructs  for  such 
curves  as  Figs.  455  and  462,  the  resultant  curve,  the  latter  will 
show  less  variations  in  the  case  of  the  three-phase  combina- 
tion, the  fluctuations  of  the  ordinates  being  40  per  cent,  in 
the  resultant  of  the  four-phase  and  only  1 5  per  cent  in  that 
of  the  three-phase.    This  assumes  the  waves  to  be  of  sine- 
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form ;  which  is  not  necessarily  true.     Moreover,  adding  sine 
and  cosine  ordinates  is  not  the  same  thing  as  forming  their 
true  oblique  resultant,  which  is   their  vector-sum,  by    the 
ordinary  rule  for  compounding  forces. 
Fig.  462. 


A  further  illustration  of  the  three-phase  current  is  afforded 
by  Fig.  463,  in  which  the  rings  are  multipolar,  being  wound 
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with  twelve  coils,  producing  four  rotating  poles.  In  this  case 
there  are  both  right-handed  and  left-handed  coils,  giving  six 
phases  of  currents  at  60°  apart  in  period.  The  connexions 
constitute  a  star-combination,  the  three  circuits  having  a 
common  junction  J  at  each  end. 
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Brown's  Three-phase  Motor. — No  details  have  been  pub- 
blishcd  respecting  the  60  horse-power  three-phase  motor  used 


Alternate- Cur  refit  Motors. 


1^7> 


in  the  Frankfort  transmission,  which  was  constructed  by  the 
AUgemeine  Elektrizitats  Gesellschaft  of  Berlm,  from  the 
designs  of  Dobrowolsky.^  In  the  absence  of  such  information, 
some  drawings  are  here  given  of  another  somewhat  similar 
motor  designed  by  Mr.  C.  E.  L.  Brown.^ 

This  motor  gives  out  about  20  horse-power  at  1200  revo- 
lutions per  minute,  when  supplied  with  three-phase  currents 
at  50  volts  alternating  with  a  frequency  of  40. 

Fig.  466. 


Brown's  Three-phase  Motor:  Scheme  of  Windings. 


The  general  build  of  this  motor  recalls  that  of  the  three- 
phase  alternator  used  at  Lauffen,  all  the  copper  conductors 


*   Sec  EUctrical  ReuirM^  xxix.  556,  1891. 
«  EUkiroteehnische  Zeitschriftj  xii.  657,  1891. 
657,  1 89 1. 
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being  round  bars  which  pass  through  perforations  in  the  core 
disks. 

In  the  outer  stationary  part  are  90  conductors  of  about  40 
sq.  mm.  section,  each  joined  by  end  connectors  of  curved 
copper  strip,  which  connect  over  spans  of  a  little  less  than  90° 
in  a  wave-winding  according  to  the  scheme  indicated  in 
Fig.  466.     This  produces  four  travelling  poles.     The  rotat- 

FiG.  467. 
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Rotating  Part  of  Brown*s  Motor. 
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ing  part,  which  is  also  constructed  with  perforated  core- 
disks,  has  54  copper  rods,  each  of  100  sq.  mm.  area.  These 
are  simply  connected  together  at  their  ends  by  copper  rings. 
There  are  95  kilos,  of  copper  in  the  rotating  part,  and  20  in 
the  fixed  windings.  The  weight  of  iron  in  the  rotating  part 
is  70  kilos.,  in  the  fixed  part  100  kilos.  There  are  no  sliding 
contacts  of  any  kind,  and  the  whole  motor  runs  quite  ccmdI. 
The  difference  in  speed  between  no  load  and  full  load  is 
about  3  per  cent.  The  torque  at  starting  was  over  40  meter- 
kilogrammes.  The  total  weight  is  about  420  kilos.,  and  the 
commercial  efficiency  about  90  per  cent. 

Other  Multi-phase  Motors. — In  another  type  of  three-phase 
motor  by  Siemens  and  Halske,  the  three  currents  pass  first 
through  coils  on  an  outer  ring,  producing  a  rotating  field,  and 
then  are  led  by  three  brushes  bearing  on  a  commutator  into  a 
rotating  armature.  Schuckert  &  Co.,  Haselwander,  Bradley, 
and  Wenstrom  have  also  constructed  multi-phase  motors. 
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Class   IV. — Rotatory  Field  Motors  with  Two-phase  Ciirrents. 

It  is  possible  by  various  means  to  produce  a  rotatory  field 
without  resorting  to  three  or  four-phase  currents.  Many  years 
ago  De  Fonvielle  discovered  that  an  iron  disk  pivoted  within 
a  coil  supplied  with  an  alternate  current  was  maintained  in 
rotation  if  once  started  in  either  direction. 

Ferraris  produced  rotation  in  his  motor  by  connecting  one 
of  the  pairs  of  coils  in  the  circuit  of  an  ordinary  alternate 
current,  whilst  the  other  pair  were  connected  as  a  shunt  to  the 
circuity  with  an  inductive  resistance  included  in  order  to  retard 
the  phase.  Borel  attained  a  similar  result  by  using  iron  cores 
in  one  pair  of  coils.  Schallenberger,  in  the  mechanism  of  his 
meter,  introduces  a  neat  principle.  The  alternate  current  is 
led  into  two  large  coils  which  pass  under  and  over  the  rotating 
iron  wheel.  Within  these  coils,  and  also  surrounding  the 
wheel,  are  two  other  coils,  closed  on  themselves,  made  of  brass 
stampings.  In  these  coils  secondary  currents  are  induced, 
and  these  are  different  in  phase  by  not  quite  180°.  But  these 
secondary  coils  do  not  He  parallel  with  the  primary  coils,  being 
set  purposely  at  an  angle  of  about  40°  to  them.  Here,  then,  are 
two  alternate  currents,  in  different  phases,  acting  at  an  angle. 
In  the  Borel-Ferranti  meter  another  device  is  adopted.  The 
pivoted  wheel  of  iron  or  copper  is  placed  between  two  field- 
magnets  of  laminated  iron,  each  provided  with  a  single  elon- 
gated curved  pole-piece.^  The  limbs  of  this  field-magnet 
carry  coils  for  the  alternate  current;  whilst  upon  the  pro- 
longations or  horns  are  placed  closed  windings  of  copper  in 
which  the  alternating  magnetic  fluxes  set  up  eddy-currents. 
The  effect  of  these  eddy-currents  is  to  oppose  the  change  of 
the  magnetism  in  the  core ;  with  the  result  that  they  retard 
the  propagation  of  the  magnetic  pole  along  the  cores  towards 
the  tips  of  the  horns,  producing  the  phenomenon  of  an 
alternate  succession  of  north  and  south  poles  travelling  along 
the  pole-pieces  toward  the  tip,  and  there  dying  out. 

A  mode  of  splitting  an  alternate  current  into  two  alternate 
currents    differing  in  phase    from    one    another  has  been 

*  Electrician^  xxv.  32,  1890.    1 
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proposed  by  MM.  Hutin  and  Leblanc,^  for  use  in  a  rotatory 
field  motor.  When  the  current  from  the  line  arrives  at  the 
motor  it  is  led  into  a  divided  path,  into  one  branch  of  which 
a  condenser  of  suitable  capacity  has  been  inserted,  whilst  into 
the  other  branch  a  coil  possessing  self-induction  is  intercalated. 
The  former  tends  to  accelerate  *  the  phase  of  the  current  in  its 
branch,  whilst  the  latter  retards  the  phase  in  the  other  branch, 
thus  producing  the  d^ired  phase-difference. 

*  La  Lumiire  EUctrique^  xl.,  1 89 1. 
'     '  A  condenser  acts  as  a  negative  and  reciprocal  self-induction.    Thus,  whilst  a 
self-induction  L  tends  to  produce  a  lag  such  that  tan  ^saritL-i-R,    a 
condenser  of  capacity  K  tends  to  produce  a  negative  lag  (1.  €.  a  lead)  such  that 
tan  ^  —  -  1  -i-  2  IT  w  K  R.     See  p.  635. 
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CHAPTER  XXV. 

TRANSFORMERS. 

During  recent  years  methods  of  distributing  electric  energy 
have  come  into  vogue,  in  which,  for  the  sake  of  economizing 
the  cost  of  the  metallic  conductors,  distribution  is  effected  at  a 
high  electromotive-force  or  electric  pressure  from  the  central 
generators,  and  is  received  at  different  points  by  apparatus 
known  as  trmisformers^  which  transform  the  elect!ric  energy 
supplied  to  them,  and  give  it  out  again  at  a  lower  electro- 
motive-force or  electric  pressure. 

To  comprehend  fully  the  bearing  of  the  matter,  it  must 
be  remembered  that  the  energy  supplied  per  second  is  the 
product  of  two  factors,  the  current  and  the  pressure  at  which 
that  current  is  supplied  ;  or,  in  our  notation, 

S I  =  electric  energy  per  second  (in  watts). 

The  magnitudes  of  the  two  factors  may  vary,  but  the 
value  of  the  power  supplied  depends  only  on  the  product  of 
the  two ;  for  example,  the  energy  furnished  per  second  by  a 
current  of  lo  amperes  supplied  at  a  pressure  of  2000  volts  is 
exactly  the  same  in  amount  as  that  furnished  per  second  by 
a  current  of  400  amperes  supplied  at  a  pressure  of  50  volts  ; 
in  each  case  the  product  is  20,000  watts.  Now  the  loss  of 
energy  that  occurs  in  transmission  through  a  well-insulated 
wire  depends  also  on  two  factors,  the  current  and  the  resistance 
of  the  wire,  and  in  a  given  wire  is  proportional  to  the  square 
of  the  current  In  the  above  example  the  current  of  400 
amperes,  if  transmitted  through  the  same  wire  as  the  lo-ampere 
current,  would,  because  it  is  forty  times  as  great,  waste  sixteen 
hundred  times  as  much  energy  in  heating  the  wire.  Or,  to 
put  it  the  other  way  round,  for  the  same  loss  of  energy  one 
may   use,   to  carry  the  lo-ampere  current  at  2000  volts,  a 
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wire  having  only  y^(yth  of  the  sectional  area  of  the  wire 
used  for  the  400ampere  current  at  50  volts.  The  cost  of 
copper  conductors  for  the  distributing  lines  is  therefore  very 
greatly  economized  by  employing  high  pressures  for  distribu- 
tion of  small  currents. 

For  transforming  from  high  pressures  to  low,  several  kinds 
of  apparatus  are  known,  namely : — 

1.  Storage  Batteries, — A  large  number  of  these  to  be 
charged  in  series  at  a  high  potential :  the  series  afterwards 
divided  up  or  rearranged  so  as  to  discharge  larger  currents  at 
lower  pressure.  This  system  is  applicable  to  direct-current 
working  only,  not  to  alternate  currents,  and  has  the  advantage 
of  storing  the  consumer's  supply. 

2.  Induction  CoilSy  also  called  for  this  purpose  Secondary 
Generators^  or  Transformers,  or  Converters, — This  system  will 
only  answer  with  alternating  currents,  which  being  transmitted 
through  the  distributing  mains  at  high  pressure,  and  travers- 
ing the  primary  wires  of  the  induction-coils,  set  up  in  the 
secondary  wires  currents  which  feed  the  separate  circuits  of 
lamps  at  the  desired  low  pressure. 

3.  Motor -Generators, — These  are  either  two  separate 
machines :  a  motor,  adapted  to  receive  small  currents  at 
high  potential,  and  be  driven  by  them,  and  a  dynamo,  driven 
by  the  motor,  and  capable  of  generating  large  currents  at 
low  potential ;  or  they  consist  of  single  machines  having  a 
double-wound  armature,  one  set  of  windings  of  fine  wire  to 
receive  the  incoming  currents  at  high  potential,  and  another 
set,  of  thick  wire,  to  furnish  the  outgoing  currents  at  low 
potential. 

4.  Commuting  Transformers, — These  are  a  variety  of  the 
last,  but  neither  armature  nor  field-magnet  revolves,  the 
polarity  of  the  magnetic  circuit  being  caused  to  vary  by 
special  commutators. 

5.  Condensers, — It  is  theoretically  possible  to  employ 
condensers  for  transforming  alternate  currents,  but  their  use 
is  not  yet  practical. 

Storage  batteries  we  cannot  here  discuss  ;  motor  generators 
will  be  very  briefly  touched  upon.    Induction-coil  transformers 
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for  alternate  currents  being  a  species  of  dynamo-electric 
machine,  will  be  dealt  with  only  as  such  :  space  does  not 
admit  of  discussion  of  the  various  systems  of  distribution  in 
which  they  are  employed. 

Historical  Notes  on  Transformers. 

The  first  induction-coil  was  used  by  Faraday/  and  consisted  of  a 
solid  iron  ring  six  inches  in  diameter  and  seven-eighths  of  an  inch  thick, 
having  a  primary  wire  seventy-two  feet  in  length,  end  a  secondary 
sixty  feet  in  length,  coiled  around  opposite  parts  (Fig.  471,  No.  i). 
Small  modifications  were  made  by  Masson,^  who  introduced  a  bundle 
of  iron  wires  as  core ;  Pohl,*  Wright,  Callan,  Henley,*  Dove,*  who 
examined  the  properties  of  various  kinds  of  iron  cores  and  the 
damping  effects  of  solid  metal  conductors  and  tubes ;  Sinsteden,^ 
Magnus,^  who  also  investigated  the  effects  of  the  form  of  the  iron 
core  ;  Stohrer,®  who  constructed  the  vertical  pattem  of  coil ;  Ritchie,® 
who  suggested  the  use  of  cloisons  or  partitions  in  winding  the 
secondary,  where  high  insulation  was  wanted ;  Ruhmkorff,^"  who  gave 
the  spark-coil  its  classical  proportions;  and  Varley,"  who  in  1856 
described  a  form  of  induction-coil  having  a  laminated  and  closed 
magnetic  circuit,  closely  resembling  some  of  the  modern  forms  of 
transformers.  Various  suggestions  for  use  of  induction-coils  in  dis- 
tributing current  for  electric  lighting  were  made  by  Jablochkoff,^* 
who  proposed  to  place  in  the  circuit  of  an  alternate-current  machine, 
at  different  points  of  the  circuit,  the  primary  coils  of  a  number  of 
transformers,  the  secondary  coils  of  which  were  used  to  supply  lamps 
of  the  "  electric-candle  "  type,  and  by  Sir  C.  Bright,^^  who  proposed 
similarly  to  distribute  currents  to  vacuum-tube  lamps.  Jablochkoff, 
and  later  Edwards  and  Normandy,"  suggested  a  peculiar  construction 
of  copper-strip  conductors,  set  edge-on,  in  place  of  round  wires  in 

'  JSxperimental  Researches^  i.  7,  1 83 1. 

•  Ann,  Chim,  Phys,^  Ixvi.  5,  1837  ;  and  iv.  129,  1842, 
■  J^ogg.  Ann,,  xxziv.  185,.  500,  1835. 

•  Annals  of  Electricity,  v.  349,  1840;  vii.  322,  184 1, 
'  -f^S^'  ^ffff.,  xlix.  72,  1840 ;  Ivi.  251,  1842. 

•  Ibid,,  Ixxxv.  465,  1851  ;  and  xcvi.  366,  1855.  '  Ibid.,  xlviii.  93,  1839. 

•  See  Wiedemann's  Lehre  von  der  Elektricitdt,  iv.  339. 

•  phiL  Mag,,  xiv.  239,  480,  1857. 

^  Comptes  Rendus,  xxxvi.  649  ;  and  xxxvii.  801. 

■*  Specification  of  Patent,  3059  of  1856.  "  Ibid,,  1996  of  1877. 

"  Ibid.^  4212  of  1878.  "  Ibid.^  461 1  of  1S78. 
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the  coils.     More  practical  forms  of  transformers  were  suggested  by 
Fuller,^  and  by  De  Meritens.*     In  1881  Hopkinson^  proposed   to 
utilize  the  self-induction  of  a  coil,  with  iron  core,  to  "  choke  "  the 
currents  of  an  alternate-current  system  instead  of  introducing  waste- 
ful resistance.     In  the  same  year  a  very  important  patent  was  taken 
out  by  MM.  Marcel  Deprez  and  J.  Carpentier  *  for  a  S3rstera  for  the 
economical  transport  of  electric  energy  by  means  of  transformers- 
At  the  generating  station  the  alternating  currents  of  low  potential 
were  to  be  transformed  by  means  of  an  induction-coil  to  currents  of 
high  potential,  which  could   then  be  economically  conveyed  to    a 
distance  through  long  thin  conducting-wires,  and  there,  entering  the 
fine  wire  primary  coil  of  another  transformer  could  be  transformed 
down  to  low  potential  suitable  for  the  lamps  or  motors.     In  1882, 
Gravier  ^  suggested  the  motor-dynamo  as  a  transformer  for  continuous 
currents,  a  suggestion  which  had  been  partially  anticipated  by  Sir  W. 
Thomson  •  and  by  Gramme.'     This  suggestion  was  generalized   in 
1883  by  Cabanellas,^  and  systems  of  distribution  on  the  same  plan 
were  independently  proposed  by  Edison,®  and  by  Lane-Fox.^®     In 
1882,  Gaulard  and  Gibbs  ^^  revived  the  use  of  alternate-current  dis- 
tribution by  induction-coils;  their  first  patent  proposes  a  coil    of 
Ruhmkorff  type.   Their  second  patent "  states  that  in  their  invention 
the  alternate  current  in  the  primary  circuit  was  to  be  maintained  of 
constant  strength,  while  its  electromotive-force  was  varied,  according 
to  the  demand  on  the  secondary  circuits.     This  implies  distribution 
in  series ;  in  the  same  year  they  revived  the  construction  of  induction- 
coils  with  sheet-copper  conductors  set  edge-on  to  the  core  under  the 
name  of  "  secondary  generators."     In  1883,  Kennedy  used  a  modified 
Gramme  ring  as  a  transformer ;  and  in  1885,  Deri  and  Zipernowsky  *^ 
proposed  the  use  of  transformers  for  effecting  the  self-regulation  of 
the  alternate-current  dynamo,  and  revived  the  use  of  induction-coils 
having  laminated  and  closed  magnetic  circuits.     In  the  same  year 
Ferranti**   brought  out    transformers  constructed    of  iron    strips. 

>  Specification  of  Patent,  5183  of  1878.  •  Ibid,,  5257  of  1878. 

»  Jbid.,  3362  of  1881.  ♦  Ibid,,  4128  of  1881.  •  Ibid,,  121 1  of  1882. 

•  Hep,  Brit,  Assoc,  1881.  '  Comptis  Rendtts,  Nov.  23,  1874. 

^  La  Lumih'e  Electrique^  iiL  44,  and  iv.  206,  1883 ;  and  Specification  of 
Patent,  2880,  1885. 

*  Specifications  of  Patents,  3752  and  3949  of  1882 ;  and  U.  S.  Patents,  Nos. 
266,793,  Oct.  31,  1882  ;  278,418,  May  29,  1883 ;  and  287,516,  Oct  30,  1883. 

***  Specification  of  Patent,  3692  of  1883. 

"  Ibid,,  4362  of  1882  ;  and  La  Lumihe  Electripie,  xiv.  40,  156,  1884. 
»2  Ibid,,  2858  and  3173  of  1884.  "  Ibid,,  3379  and  5201  of  1885. 

"  Ibid.,  15,251  of  1885. 
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Kennedy  ^  had  proposed  to  make  the  distribution"  at  a  constant 
potential,  a  method  which  has  been  adopted  by  Zipemowsky, 
Ferranti,  and  subsequently  by  Gaulard  and  Gibbs,  and  by  Westing- 
house  in  the  United  States,  and  which  is  nearly  self-regulating. 
Improvements  in  details  of  construction  have  been  made  by  Kapp  * 
and  Snell,  Mordey,  Westinghouse,  and  Statter.  Swinburne  has 
advocated  the  use  of  open-circuit  transformers  as  less  wasteful  of 
energy  at  light  loads.  Recent  improvements  in  motor-generators  are 
due  to  Scott  and  Paris,^  R.  P.  and  J.  S.  Sellon,*  and  J.  Swinburne,* 
the  latter  of  whom  suggests  machines  adapted  for  transforming 
from  a  circuit  supplied  at  constant  current  to  a  secondary  circuit 
fed  at  constant  potential. 


r 


Systems  of  Distribution  by  Alternating 

Transformers. 

These  are  briefly  two  in  number  : — (i)  At  constant  potential^ 
the  distributing  mains  branching  to  the  various  local  points 
where  the  transformers  supply  the  lights  at  low  pressure.  In 
this  case  the  primary  wires  of  the  local  transformers  are  coils 
of  fine  wire  of  many  turns,  and  are  all  in  parallel  across  the 
mains ;  the  secondary  coils  being  of  thick  wire  and  of  few 
turns.  (2)  With  constant  current^  the  single  main  circuit  going 
from  the  primary  of  one  transformer  to  that  of  the  next.  In 
this  case,  as  the  primary  wires  are  in  series,  they  are  thicker 
and  of  few  turns.  The  first  of  these  systems  is  suitable  for 
incandescent  lighting,  the  second  for  arc  lighting. 

General  Principles  of  Alternating  Transformers. 

An  alternating  transformer  may  be  regarded  as  a  species 
of  dynamo,  in  which  neither  armature  nor  field-magnet  revolve, 
but  in  which  the  magnetism  of  the  iron  circuit  is  made  to  vary 
through  rapidly  repeated  cycles  of  alternation,  by  separately 
exciting  it  with  an  alternating  current.  The  primary  coil  of 
the  transformer  corresponds  to  the  field-magnet  coil  of  the 

*  Electrical  Review,  xii.  486,  June  9,  1883. 

«  JoumcU  Soc.  Teleg,  Engineers,  xvii.  96,  i888. 
'  Specification  of  Patent,  6260  of  1884^ 

*  Ibid.,  3525  of  1885.  »  Ibid.,  6682  of  1887. 
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dynamo ;  the  secondary  of  the  transformer  to  the  armature 
coil  of  the  dynamo. 

Many  of  the  rules  for  construction  of  dynamos  apply  with 
equal  force  to  the  construction  of  transformers ;  for  example, 
the  rules  concerning  insulation,  lamination  of  iron  cores,  and 
the  like.  In  all  cases  where  transformers  are  used  with  very 
high  potentials,  the  utmost  care  must  be  taken  about  the 
complete  and  efficient  insulation  of  all  the  wire  (and  con- 
nexions) of  the  high-pressure  coils :  it  should  on  no  account 
be  wound  in  alternate  layers  between  the  windings  of  the  low- 
pressure  circuit,  nor  stranded  with  it  into  a  cable  ;  it  should, 
while  properly  enclosing  the  iron  circuit,  not  only  be  as  per- 
fectly insulated,  but  as  completely  isolated  as  may  be  from 
the  low-pressure  wire  and  from  all  other  metal  work  in  the 
transformer. 

In  the  alternating  transformer,  by  whatever  name  called, 
the  function  of  the  iron  core  is  to  carry  the  magnetic  lines  of 
force  (that  are  created  by  the  current  in  the  primary  coil) 
through  the  convolutions  of  the  secondary  coil.  The  rate  at 
which  the  ms^netic  lines  due  to  the  primary  current  are  cut 
by  the  secondary  circuit  is  the  measure  of  the  electromotive- 
force  given  to  the  secondary  circuit  In  order  to  be  able  to 
calculate  the  amount  of  cutting  of  magnetic  lines  that  goes  on 
with  various  strengths  of  primary  current  and  various  rates  of 
alternation,  it  is  convenient  to  know  the  amount  of  cutting  of 
magnetic  lines  that  takes  place  when  unit  current  is  made  to 
flow,  or  is  stopped  in  the  primary  coils.  Let  M  be  used  as  a 
symbol  for  this  quantity.  It  will  be  proportional  to  the 
number  of  turns  in  the  secondary  coil,  because  each  turn 
encircles  the  iron  core  and  cuts  the  magnetic  lines;  it  will 
also  be  proportional  to  the  number  of  turns  in  the  primary 
coil,  because,  ceteris  paribus,  the  magnetism  evoked  in  the 
iron  core  is  proportional  to  the  ampere-turns  that  excite  it ; 
it  will  also  be  proportional  at  every  stage  to  the  permeability 
of  the  iron  core.  We  may,  in  fact,  calculate  M  by  the 
magnetic  principles  laid  down  in  Chapter  VI.  Suppose  the 
iron  core  to  form  a  closed  circuit  of  length  /,  section  A,  per- 
meability ft ;  and  that  Si  and  S2  are  the  respective  numbers 
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of  turns  in  primary  and  secondary.  Then,  if  the  primary 
current  is  unity  (in  absolute  C.G.S.  units),  the  magneto- 
motive-force due  to  it  will  be  4  tt  Si,  and  the  magnetic  resist- 
ance will  be  //A  /i.  Dividing  the  former  by  the  latter,  we 
shall  have  an  expression  for  the  number  of  lines  in  the  core ; 
this  multiplied  by  S2  gives  the  amount  of  cutting  of  lines  by 
the  secondary  circuit ;  or  in  symbols  —  : ' 

M  =  4  TT  Si  S2  A/i//.  '         ^ 

The  name  given  to  this  quantity  is  the  coefficient  of  mutual 
induction.     If  the  current  in  the  primary  have  the  value  i^ 
(absolute  C.G.S.  units),  then  the  amount  of  cutting  by  the 
secondary  on  turning  this  current  on  or  off  will  be  M  ii.    And 
if  the  rate  of  increase  or  decrease  of  the  primary  current  at 
any  instant  is   known,  this   multiplied   by  M   will  give  the 
electromotive-force  impressed  at  that  instant  on  the  secondary 
circuit     Now  it  is  obviously  advantageous  in  a  transformer 
that  this  quantity  should  be  as  great  as  possible,  for  it  is 
desirable  to   attain   the  requisite  electromotive-force  in  the 
secondary  with    as  little  primary  current  as  possible.     The 
conditions  are,  however,  a  little  conflicting :  S2  must  not  be 
made  large,  on  account  of  internal  resistance  and  cost  of 
copper ;  but  it  is  clear  that  a  compact  magnetic  circuit,  having 
/  small,  A  large,  and  the  iron  of  good   quality,  will  be  of 
advantage.     In  the  particular  case  (for  series  working),  where 
the  primary  and  secondary  wires  are  to  carry  equal  currents, 
it  is  clear  that  for  a  given  total  weight  of  copper,  the  maximum 
product  Si  S2  will  be  afforded  when  there  are  equal  numbers 
of  turns  in  the  coils,  and  therefore  equal  weights  of  copper. 
In  other  cases,  provided  the  wires  are  proportioned  to  the 
currents  they  have  to  carry,  and  that  equal  heat   can  be 
developed  in  each  coil,  equal  weights  of  copper  is  still  a  good 
rule,  though  the  numbers  of  turns  in  the  two  coils  will  be 
widely  different.     It  has  been    assumed    that  there  is  no 
magnetic  leakage ;  that  all  the  lines  of  force  created  in  the 
core  pass  through  the  secondary  coils.    This  assumption  is 
very  nearly  fulfilled  in   those   transformers    in    which   the 
magnetic  circuit  is  effectively  closed  upon  itself. 

3  A  2 
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The  next  important  point  is  that  the  magnetic  lines  of 
force  created  by  the  primary  current  in  the  core  pass  through 
the  convolutions  of  the  primary  coil  itself,  and  that  therefore 
there  will  be  self-induced  electromotive-forces  in  the  primary 
coil,  which  will  tend  to  oppose  the  impressed  variations  of 
current.  Considerations  precisely  analogous  to  those  above 
will  show  that  there  will  be  a  coefficient  of  self -induction^  which 
we  will  call  Li,  which  represents  the  amount  of  cutting,  by  the 
primary  coils,  of  the  magnetic  lines  created  in  the  coil  when 
the  primary  coil  carries  unit  current ;  and  we  may  calculate, 
on  magnetic  principles,  as  before,  the  value  of  this  coefficient 

to  be  ^^^^l      J 

Li  =  47rS;A/i//.       u,  L 

That  is  to  say,  Li  will  be  large  in  proportion  to  the  goodness 
of  the  magnetic  circuit ;  and  (as  in  the  case  in  transformers  for 
distribution  at  constant  pressure)  as  Si  is  itself  large,  Li  will 
be  enormous.  As  will  presently  be  seen,  this  has  important 
results  in  the  automatic  action  of  transformers. 

The   electromotive-forces   induced  (by  the  variations  of 
magnetization  of  the  core)  in  the  secondary  circuit  will,  of 
course,  produce  no  currents  if  the  secondary  circuit  is  open  ; 
but  if  the  secondary  circuit  is  closed  there  will  be  currents, 
the  strength  of  which  will  depend  also  upon  the  resistances 
and  upon  the  counter  electromotive-forces  (if  any)  in  this 
circuit.      But  these   secondary  currents,   as   they   circulate 
around  the  convolutions   of  the  secondary  coil,  exercise  a 
magnetizing  (or  rather  a  demagnetizing)  action,  the  effect  of 
which  on  the  core  will  depend  not  simply  upon  their  strength, 
but  also  upon  their  phase.     When  the  transformer  is  doing 
full  work,  the  secondary  current  is  rising  in  the  positive  sense, 
almost  exactly  as  the  primary  is  rising  in  the  negative  direc- 
tion, their  phases  being  almost  exactly  in  opposition*    That 
is  to  say,  at  full  work  the  secondary  current  will  exercise  a 
great  demagnetizing  action.    The  total  magnetizing  force  *  at 
work  is  equal  to  47r  (Si^i  +  S2/2)'-t-  10,  where  the  proper 
signs  -h  and  —  must  be  assigned  to  ii  and  i^  according  to  the 

*  Seep.  176. 
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sense  in  which  they  circulate  around  the  core.  Further, 
there  will  be  a  coefficient  of  self-induction  L2  in  the  secondary 
circuit,  such  that  /»^ 

La  =  47rS^«A/i//.        L  ^^  - 


As  will  be  seen  later,  there  is  an  inter-action  between  {he 
primary  and  secondary  circuits,  owing  to  mutual  induction, 
tending  to  neutralize  the  effects  of  self-induction  in  both 
circuits. 

In  a  well-built  transformer  it  is  clear  that 

M  =  /s/LiLj,. 

If,  however,  all  the  magnetic  lines  due  to  one  circuit  are  not 
enclosed  by  the  other,  M  will  have  a  less  value  than  is  indi- 
cated by  the  above  relation. 

The  relation  between  the  two  electromotive-forces  and  the 
two  sets  of  windings  is  readily  stated  in  a  way  sufficiently 
accurate  for  ordinary  purposes,  by  saying  that  the  ratio  of  the 
two  electromotive-forces  is  equal  to  that  of  the  windings,  or 

Eg      S3 

The  number/  which  represents  the  ratio  of  the  windings 
we  shall  call  the  coefficient  of  transformation. 

If  it  is  assumed  that  there  are  equal  weights  of  copper 
used  in  the  primary  and  secondary  coils,  then  the  following 
relations  will  hold  good : — 


Primary. 

Secondary. 

Rado. 

Windings      

Resistance 

Self-indaction      

ElectromotiTe-force     •• 

Current 

Heat-waste 

s, 

E. 

■ 

s, 

L, 
E. 

• 

H 

P 

P" 
X 

Also 


M  =  ^»=/L^ 
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It  must  be  always  remembered  that  the  symbol  E  is  used 
above  for  the  virtual  or  square-root-of-mean-square  value  of 
the  alternating  electromotive-force :  the  actual  value  of  E  at 
any  moment  being  represented  by  the  expression  E  =  D  sin 
2irnt;  where  D  is  the  maximum  value  to  which  E  rises,  and 
is  equal  to  2  tt  «  S  N  (see  p.  626),  n  being  the  number  of 
alternations  per  second.  Further,  for  alternate-currents  (see 
p.  629)  Ohm's  law  must  be  written  as 

.  _  D  sin  (2  TT  «  /  —  <^) 

We  are  now  able  to  find  a  more  exact  expression  for  the 
induced  electromotive-force  in  the  secondary  circuit,  for  the 
number  of  magnetic  lines  induced  by  the  primary  circuit  into 
the  core  (when  there  is  no  current  in  the  secondary)  is  M  i ; 
and  therefore 

^  •  2  TT  «  D  sin  ( 2  TT ;« /  —  6 

E,  =  .M^=M --A___^ J_^  , 

dt  Vn^  +  4'rr^n^W 

or,  writing  2  tt  «  =  co,  we  have  (neglecting  phase,  and  con- 
sidering magnitude  only) 

Examining  the  expression  ky  it  will  be  seen  that  if  ri  is  small 
compared  with  co  Lj,  as  will  be  the  case  where  there  are  very 
rapid  alternations  and  plenty  of,  iron  in  the  core,  i  will  be 
equal  to  M/Li,  or  will  be  the  reciprocal  of  /,  and  equal  to 

By  leaving  out  of  consideration  differences  of  phase  in  the 
above  argument,  it  must  not  be  supposed  that  these  differences 
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of  phase  are  small.  On  the  contrary,  they  may  be  very  large. 
If,  however,  assuming  Ei  to  be  a  sine-function,  we  remember 
that  the  average  value  of  the  square  of  the  sine  (between  0° 
and  360°)  is  equal  to  J,  then  we  shall  have  the  virtual  primary 

volts  El  equal  to  D  divided  by  »J  2.  It  is  in  this  sense 
(namely,  taking  the  square-root  of  mean  square  as  the  basis 
for  comparison)  that  we  may  say  that  Eg  is  to  Ei  in  the  same 
ratio  as  S2  to  Si,  or  that  the  ratio  of  the  primary  and  secon- 
dary volts  is  equal  to  the  ratio  of  the  primary  and  secondary 
windings.  If  the  two  windings  are  properly  wound  over  the 
core  so  that  there  is  no  magnetic  leakage,  then  the  variations 
of  magnetism  of  the  core  will  set  up  in  the  two  windings 
electromotive-forces  that  are  precisely  proportional  to  the 
respective  number  of  turns.  In  the  primary  winding  this 
electromotive-force  will  oppose  that  which  is  supplied  from 
without  If,  following  the  notation  used  for  motors,  we  call 
Si  the  volts  supplied  to  the  primary  terminals,  Si  will  be 
greater  than  Ei  by  an  amount  dependent  on  the  internal  resist- 
ance and  current  in  the  primary.  Similarly,  the  volts  at 
the  secondary  terminals  e^  will  be  less  than  E2  by  an  amount 
dependent  on  the  internal  resistance  of  the  secondary  winding 
and  on  the  secondary  current.  In  any  case,  the  work  given 
out  (per  second)  by  the  secondary  will  be  very  nearly  equal 
to  the  work  imparted  to  the  primary ;  the  difference  being 
the  loss  due  to  the  production  of  eddy-currents,  and  the 
waste  work  spent  in  carrying  the  residual  magnetization  of 
the  iron  through  repeated  cycles  of  alternation.  If  Si  i\  be 
the  watts  imparted  to  the  primary,  and  e^  i^  those  given  out 
by  the  secondary,  it  is  found  that  e^  i^  may  be  as  much  as 
97  per  cent,  of  Si  iv  A  current  of  10  amperes  at  2000  volts 
imparted  to  a  good  transformer,  having  twenty  times  as  many 
turns  on  its  primary  as  it  has  on  its  secondary  coil,  will  be 
transformed  by  the  secondary  into  a  current  of  200  amperes  * 
at  very  nearly  100  volts. 

^  It  must  be  remembered  by  beginners  that  the  gain  in  quantity  of  current  is 
balnT'c^'^  by  the  diminution  in  electromotive>force ;  otherwise  the  work  would  not 
be  equaL  It  is  a  curious  fact  in  the  history  of  invention  that  in  1883  the  United 
States  Patent  Office  refused  to  grant  a  transformer  patent  to  Mr.  Bernstein  on  the 
ground  that  he  could  not  possibly  get  a  larger  quantity  of  current  out  of  the 
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One  of  the  most  difficult  points  for  beginners  to  compre- 
hend in  the  action  of  transformers  is  the  way  in  which,  when 
used  in  parallel  distribution,  they  of  themselves  adjust  the 
amount  of  primary  current  that  flows  through  them  from  the 
mains.  Suppose  a  transformer,  having  a  primary  coil  of  many 
turns  of  fine  wire  to  receive  a  current  of  i  ampere  from  mains 
at,  say,  2000  volts,  and  having  a  secondary  coil  adapted  to 
give  out  a  current  of  20  amperes  at  100  volts.  This  would 
supply  40  lamps,  each  taking  a  J-ampere  of  current  When 
all  the  lamps  are  on,  the  20-ampere  flows  through  the  secon- 
dary, and  the  i -ampere  flows  through  the  primary.  If  now 
half  the  lamps  are  turned  out,  only  10  amperes  will  be  sup- 
plied by  the  secondary,  and  now  only  half  an  ampere  is  wanted 
from  the  mains  to  flow  through  the  primary.  As  a  matter  of 
fact,  under  these  circumstances,  the  current  supplied  through 
the  primary  automatically  diminishes  in  the  proper  proportion. 
As  lamp  after  lamp  is  turned  out  in  the  secondary  circuit,  so, 
little  by  little,  the  primary  current  also  diminishes ;  when  all 
lamps  are  out,  and  the  secondary  circuit  is  completely  opened, 
the  primary  current  is  found  to  have  of  itself  all  but  stopped, 
although  the  mains  are  still  supplied  at  full  pressure.  Nothing 
has  been  done  to  the  primary  circuit :  there  is  still  a  perfect 
path  through  which  the  current  might  flow,  no  resistance  has 
been  inserted  in  the  primary  coil,  yet  the  current  doesnot 
flow  to  any  extent  through  it.  The  clue  to  the  matter  lies  in 
the  inductive  reaction  of  the  iron  core.  As  the  waves  of 
primary  current  circulate  around  the  core,  they  set  up  periodic 
magnetizations  in  the  iron ;  but  the  periodic  fluctuations  of 
the  magnetism  of  the  iron  necessarily  set  iy>  electromotive- 
forces  in  the  surrounding  coils.  If,  in  a  short  time  dt^  the 
change  that  takes  place  in  the  number  of  magnetic  lines  in  the 
core  is  d  N,  then  during  that  short  time  the  electromotive- 
force  induced  in  a  wire  which  is  coiled  S  times  round  the  core 

will  be  equal  to  -^-  (this  number  should  be  divided  by  lo* 
to  bring  to  volts).    The  electromotive-force  in  the  secondary 

secondaiy  than  was  supplied  to  the  primary.    Nevertheless,  the  same  Patent 
OfRce  in  1886  issued  a  patent  to  Gaulard  and  Gibbs  for  this  Tery  thing  I 


Transformers.  729 

coil  will  be  Sa  -j-r  :  and  there  will  of  course  be  also  another 

dt 

electromotive-force  induced  in  the  primary  equal  to  Si  ^— . 

Now  it  is  this  self-induced  counter  electromotive-force  in  the 
primary  which  dams  back  the  currents  from  the  mains  when 
the  secondary  circuit  is  open.   The  variation  of  the  magnetism 
of  the  core  always  tends    to    set    up    electromotive-forces 
opposing  change.     It  does  this  in  two  ways.    If  there  is  no 
secondary  it  sets  up  back  electromotive-forces  in  the  primary 
which  dam  back  the  current     If  there  is  a  secondary  wire 
present  it  sets  up  currents  in  the  secondary  in  a  sense  opposite 
to  those  of  the  primary.     Consider  what  happens  when  there 
are  no  lamps  on  :  the  secondary  circuit  is  entirely  idle,  and 
takes  no  part  in  the  action.     The  alternating  electromotive- 
force  of  the  mains  impresses    alternating  currents  in  the 
primary  coil,  which  in  turn  impress  an  alternating  magnetiza- 
tion on  the  core,  and  this  finally  induces  alternating  electro- 
motive-forces into  the  primary  circuit,  tending  to  stop  the 
primary  currents.    The  greater  the  variation  of  magnetization 
of  the  core,  the  greater  the  induced  electromotive-force.    Now 
consider  what  happens  when  the  lamps  are  on.    There  will  be 
considerable  currents  in  the  secondary :  these  are  always  in 
almost  exactly  opposite  phase  to  the  primary  currents.   When 
the  primary  current  is  increasing,  the  secondary  current  is 
increasing  negatively,  that  is  to  say,  is  increasing  whilst  circu- 
lating round  the  core  in  the  opposite  sense  to  the  primary. 
The  magnetizing  tendency  is  of  course  proportional  to  the 
difference  between  the  ampere-turns  of  the  primary  and  those 
of   the  secondary.      [It  is,   as  previously  stated,  equal  to 
4  ^  (Si  A  -h  Sa  /a)  -^  10,  the  proper  signs  being  assigned  to  the 
currents  according  to  their  sense.]    If,  as  is  the  usual  case,  the 
secondary  volts  are  maintained  nearly  constant,  it  follows  that 
the  cycles  of  magnetization,  and  therefore  the  nett  magnetizing 
forces,  are  nearly  the  same  at  all  loads.  •  It  would  therefore 
appear  as  though  the  back  electromotive-force  tending  to  dam 
.  back  the  primary  current  ought  to  be  the  same  at  all  loads.  •  But 
this  we  know  is  not  true.    The  explanation  lies  in  the  phase- 
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relations :  for,  at  light  loads  the  counter  electromotive-force 
in  the  primary  is  almost  exactly  in  opposite  phase  to  the 
primary  impressed  electromotive-force,  whilst  at  full  load  it  is 
nearly  in  quadrature  with  the  latter.  To  put  it  into  other 
words,  as  lamps  are  turned  on  in  the  secondary  and  more 
secondary  current  flows,  the  increased  mutual  induction 
virtually  wipes  out  the  self-induction  in  the  primary  circuit, 
and  the  effective  back  electromotive-forces  in  the  primary  coil, 
which  in  the  first  case  dammed  back  the  current  from  the 
mains,  are  less ;  hence  more  current  flows  in  the  primary. 

Graphic  constructions  illustrating  the  variations  of  phase 
and  magnitude  of  the  electromotive-forces  and  currents  have 
been  given  by  Kapp,  Blakesley,  and  Fleming.  If  the  im- 
pressed Si  is  constant,  then  the  magnetization  is  of  course 
carried  to  the  greatest  degree  when  the  transformer  is  working 
on  open  circuit.  If,  however,  the  system  is  so  regfulated  or 
over-compounded  as  to  keep  up  a  constant  pressure  at  the 
lamps,  then  the  magnetization  of  the  cores  is  a  maximum  at 
full  load.  It  is  expedient  to  arrange  that  there  shall  be  so 
much  iron  in  the  core  that  the  induction  in  it  need  never  be 
carried  above  6000  or  7000  lines  to  the  square  centimetre. 
It  is  possible  to  work  above  these  values,  but  the  transformer 
emits  a  singing  noise,  and  the  iron  grows  hot  Work  is,  of 
course,  spent  in  carrying  the  iron  to  a  high  degree  of  magneti- 
zation. Of  this  work,  the  greater  part  is  returned  to  the 
secondary  circuit  during  the  next  part  of  the  cycle  as  the 
magnetization  of  the  iron  descends ;  but  part,  namely,  that 
spent  in  producing  the  so-called  permanent  portion  of  the 
magnetization,  is  lost,  being  frittered  down  into  heat.  As  to 
the  phases  of  the  various  waves,  as  mentioned  above,  the 
secondary  current  is  always  in  almost  exactly  opposite  phase 
to  the  primary  current ;  and  the  secondary  electromotive-force 
is  in  almost  exactly  opposite  phase  to  the  primary  electromotive- 
force.  But  the  difference  of  phase  between  Ei  and  ^i  varies 
greatly  with  the  work  done.  When  there  are  no  lamps  on, 
and  no  secondary  current,  ix  is  small,  and  its  phase  differs 
by  very  nearly  90°  from  that  of  Ei :  as  lamps  are  switched  on 
and  ^2  grows,  i^  grows  also,  and  the  angle  of  lag  between  Ej 
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and  ix  grows  less.  The  phase  of  the  magnetization  of  the 
core  (which  is  always  necessarily  90°  in  advance  of  the  phase 
of  E))  is  always '  veiy  nearly  90°  behind  the  phase  of  Ei- 

The  actual  performance  of  transformers  has  been  care- 
fully examined  by  Prof.  H.  J.  Ryan,"  who  has  plotted  out 
curves  to  show  the  forms  and  phases  of  the  several  varying 
quantities.  The  transformer  used  was  a  small  one  of  600 
watts  capacity  adapted  for  transforming  down  from  1000  to 

Fig.  468. 


Transformer  Curves  on  Open  Circuft. 

50  volts,  the  number  of  windings  being  675  in  the  primary, 
and  35  in  the  secondary  coil.  The  volume  of  laminated  iron 
was  about  2050  cubic  cm.  The  mean  length  of  the  magnetic 
circuit  was  30*8  cm.  and  mean  cross  section  63*3  sq.  cm.; 
the  frequency  used  was  138.  Figs,  468,  469,  and  470  show 
the  results.      It  will  be  noted  that   although   the   primary 

'  Sec  tttperiments  by  Major  Cardew,  in  EUcirual  Enginttr,  July  1887,  p.  358. 

>  Anur.  Iiitt.  EUtlrical Engitutrs,  iBSgindiSga  Set  s^iso Eleclrua!  Wtrld, 
xiv,  419,  Dec  38,  1SS9,  and  xvi.  10,  July  25,  1890  ;  also  TAe  Elalridan,  xxiv. 
363,  and  XIV.  313,  1890  ;  also  La  Lumih-e  Eltclriqut,  xxxv.  333,  189a  See  also 
an  appendix  paper  by  Meurs.  Humphrey  and  Powell  in  EUclntal  World,  xvL  II, 
1890,  and  Tht  EltttrieitM,  xxv.  3S0,  189OL 
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current  curve  difTers  widely  from  a  curve  of  sines  (especially  at 
light  loads),  nevertheless  the  curve  of  secondary  volts  is  much 


Trahsforuek  Curves  at  Half  Load. 

Fig. 47a 
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more  nearly  like  a  sine-curve ;   and  it  is  always  in  almost 
exact  opposition  of  phase  to  the  curve  of  primary  volts.     In 
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Ryan's  paper  are  many  valuable  remarks,  not  the  least 
important  being  a  passage  in  which  he  points  out  that  leakage 
of  magnetism  not  only  diminishes  the  mutual  induction,  but 
increases  the  self-induction  of  each  circuit,  and  therefore  tends 
to  cause  a  lag  in  both  the  currents.  In  a  second  paper,  Prof. 
Ryan  shows  that  the  loss  of  energy  by  eddy-currents  in  the 
core  is  less  when  the  core  is  hot  than  when  it  is  cold. 

Construction  of  Alternating  Transformers. 

All  transformers  consist  of  a  core  of  iron,  around  which 
the  primary  and  secondary  coils  are  so  wound  that  the  core 
carries  the  magnetic  lines  from  the  one  set  of  coils  through 
the  other.  Faraday's  first  induction-coil,  No.  i  in  Fig.  471, 
is  thoroughly  typical  of  the  principle  common  to  all  trans- 
formers. In  Faraday's  actual  ring  the  iron  was  not  laminated. 
No.  2  of  Fig.  471  is  the  cylindrical  type  of  induction-coil 
introduced  by  Masson  and  Ritchie,  and  perfected  for  spark 
purposes  by  Ruhmkorff.  No.  3  depicts  the  form  given  to  the 
transformer  by  Varley  for  telegraphic  purposes.  The  core  of 
iron  wires  is  made  long,  and  the  ends  are  bent  over  so  as  to 
constitute  practically  a  closed  magnetic  circuit  The  Ferranti 
transformer  resembles  this,  bt5t  has  the  core  of  narrow  strips  of 
sheet  iron.  A  similar  form  has  been  used  recently  by  Gaulard 
and  Gibbs,  No.  4  is  a  form  introduced  by  Zipemowsky ; 
in  this  the  primary  and  secondary  coils  are  laid  upon  one 
another,  and  the  iron  core  is  then  wound  through  and  over 
them  by  a  shuttle,  so  that  the  whole  of  the  copper  is  enclosed 
within  the  iron.  In  the  drawing  of  Nos.  3  and  4  the  front 
portion  of  the  iron  winding  is  represented  as  removed  to  show 
the  interior.  Mr.  Kapp  has  proposed  the  name  of  "shell- 
transformers"  for  this  type  of  apparatus  as  distinguished  from 
those  with  a  mere  straight  or  a  non-expanded  internal  core. 
No.  5,' which  is  also  a  form  due  to  Zipernowsky,  is  constructed 
somewhat  like  a  Gramme  ring.  There  is  an  iron  wire  ring 
core,  upon  which  the  copper  coils  are  wound  in  sections,  but 
with  alternate  sections  connected  together,  one  set  as  primary 
the  other  as  secondary.      In  the  drawing,  one  of  the  ten 
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sections  is  represented  as  removed  to  show  the  core.  Nos.  6, 
7,  and  8  represent  three  closely  allied  methods  of  procuring: 
the  necessary  structure  of  laminated  iron,  the  parts  in  these 
instances  being  stamped  from  sheet  iron.  The  copper  coils 
are  not  shown  in  these  three,  but  in  each  they  consist  of  two 
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Various  Tvpes  of  Alternating  Transfokuers, 


sets  of  windings,  previously  wound  on  rectangular  formers  of 
such  a  form  as  to  admit  of  insertion  into  the  iron  stampings. 
In  No.  6,  which  shows  the  method  of  Kapp  and  Snell,  there 
are  two  sets  of  U-shaped  stampings,  set  side  by  side,  forming 
two  parallel  channels  to  receive  the  coils.     The  stampings  that 
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are  removed  between  the  limits  of  the  U  pieces  serve  to  com- 
plete the  magnetic  circuits  above.  No.  7  is  the  form  adopted  by 
Westinghouse.  The  stamping  in  this  form  must  be  bent  up 
in  order  to  slip  it  on  over  the  coils ;  the  core  being  put 
together  over  the  coils.  With  Mordey's  form.  No.  8,  the 
piece  which  is  removed  from  the  interior  of  the  rectan- 
gular stamping  is  placed  across  it  (after  having  been 
covered  on  one  side  with  paper  as  insulation),  the  outer 
rectangular  stampings  being  passed  over  the  outside  of  the 
coils,   and   the   cross-pieces  slipped    in  between  them,  thus 

Fig.  473. 


Mordey's  Transformer  (Section). 

avoiding  waste  of  material,  and  securing  a  good  magnetic 
circuit  with  ample  ventilation.  Fig.  473  shows  the  exact  pro- 
portions of  the  stampings  of  Mordey's  transformer,  including 
a  section  of  the  coils.  The  newest  form  of  this  apparatus, 
which  is  constructed  by  the  Brush  (Anglo-American)  Com- 
pany, is  further  depicted  in  Figs.  474,  475. 

As  an  example,  the  following  dimensions  are  given  for  a  trans- 
fomier  capable  of  transforming  a  current  of  1*5  ampere  at  1000 
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volts  down  to  a  current  of  37  ■  s  amperes  at  40  volts.  Total  external 
size,  ao  X  6  X  4  ioches ;  Sj  =  300 ;  S,  =  1 2  ;  rj  =  10  ohms ;  r,  = 
o"oi4  ohms;  gauge  of  primary  wire,  0-035  ''^^  >  secondary  wire 
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MoRDEv's  Transformer 


35  in  parallel,  each  o- 11  inch  gauge ; 
weight  of  copper  in  coils,  about  5  lbs. 
in  primary  and  51^  lbs.  in  secondary-; 
weight  of  iron  used,  about  50  lbs. ; 
efficiency,  97  ■  3  per  cent 

In  this  pattern  the  coils  P  and 
S  are  wound  upon  a  light  former 
A,  made  of  hard  wood  steeped  in 
ozokerit.  The  core-disks  B  are 
partly  made  of  stampings  resem- 
bling Fig.  473,  interlaced,  and  partly  of  other  stampings  which 
fill  up  the  interstices  which  would  otherwise  be  left  between 
the  superposed  pieces.  By  this  means  the  leakage  of  the 
magnetic  circuit  is  reduced  to  a  negligible  amount.  The 
whole  is  secured  in  a  cast-iron  cover  made  water-tight  by  a 
packing  of  rubber.  The  connexions,  switch,  and  safety-fuses 
are  mounted  on  a  porcelain  block  O,  in  the  end  of  the 
chamber. 

Fig.  476  illustrates  the  so-called  "  hedgehog  "  transformer 
of  Swinburne/  having  as  core  a  bundle  of  iron  wires  which, 
after  receiving  the  copper  coils,  are  spread  out  at  their  ends  so 
as  to  reduce  the  rnagnetic  reluctance,  which  is  in  any  case 
great,  the  magnetic  circuit  being  an  open  one. 

'  yaiirtia!  Iiul.  Electr.  Et^nttri,  xx,  183,  1S91. 
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Ferranti's  transformer  (Fig,  477)  for  extra  high  pressure 
work  has  a  core  made  of  a  large  number  of  thin  strips  of  iron, 
which  pass  vertically  up  through  the  middle  of  the  copper 
coils,  and  are  bent  round  below  and  above  on  each  side  and 
interlapped  so  as  to  complete  the  magnetic  circuit  The  coils 
are  made  of  copper-strip,  very  carefully  insulated,  and  com- 
pacted together  in  sections  by  insulating  material.     There  are 

Fig.  477. 


Swinbukne's 

Hedgbhog 

Transformer. 


Ferranti's  Transvormer. 


three  coils  thus  built  up,  the  innermost  being  a  portion  of  the 
primary,  outside  this  the  secondary,  and  outside  this  again  the 
rest  of  the  primary.  Sheets  of  ebonite  are  interposed  in  the 
!ipaces  between  these  coils  so  as  to  prevent  sparking  across 
from  the  high-pressure  coils.  There  is  also  room  for  air  ven- 
tilation in  the  vertical  spaces  where  these  sheets  of  ebonite 
are  wrapped  round  between  the  three  piles  of  coils. 

With  most  of  the  preceding  modes  of  construction  the 
coils  cannot  be  readily  removed  from  the  transformer,  owing 
to  the  mode  of  putting  tc^ether  the  iron  parts.    A  more 

3  B 
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accessible  structure  is  that  designed  by  C.  E.  L.  Brown,  in 
which  the  coils  are  wound  on  a  cylindrical  tube  of  insulating 
material  through  which  can  be  inserted  a  core  made  up  of 
laminae  of  different  widths,  almost  filling  the  tube,  and  pro- 
jecting squarely  at  its  ends.  The  magnetic  circuit  is  com- 
pleted by  means  of  (j -shaped  iron  stampings  assembled  in 
two  sets,  one  placed  below,  and  the  other  above,  which  can  be 
removed  en  bloc^  so  giving  access  to  the  coils.  These  trans- 
formers are  immersed  in  oil. 

Another  construction,  which  also  gives  ready  access  to  the 
coils,  is  the  design  of  Mr.  Kapp  depicted  in  Plate  XXIX.  Here 
the  coils,  primary  and  secondary,  are  wound  on  ebonite 
bobbins,  which  slip  over  a  long  rectangular  core  made  up  of 
plates.  To  complete  the  magnetic  circuit  other  assemblages 
of  core  plates  of  equal  length  are  carried  parallel  to  the  core, 
above  and  below,  and  the'  four  spaces  at  the  ends  are  filled 
by  four  blocks  of  small  stampings  assembled  together.  The 
whole  is  secured  in  a  substantial  frame  and  protected  by  an 
external  cover  of  cast  iron  bolted  down. 

The  advantages  possessed  by  transformers  which  have 
closed  magnetic  circuits  over  those  which  have  not  are  of 
various  kinds  ;  in  particular  they  require  a  smaller  exciting 
current  for  an  equal  magnetic  cycle,  so  that  there  is  less  waste 
of  energy  in  the  copper,  particularly  on  small  loads.  On  the 
other  hand,  in  the  open-circuit  transformers,  owing  to  the  self- 
demagnetizing  action  of  non-closed  iron  cores,  there  is  less 
waste  of  energy  by  hysteresis  in  the  iron.  This  point  has 
been  strongly  insisted  on  by  Mr.  Swinburne.^  Some  experi- 
ments made  by  Mr.  Ferranti  are  suggestive.  A  number  of 
iron  strips  were  placed  side  by  ^de  and  a  coil  wound  upon 
them,  the  ends  of  the  strips  protruding  far  beyond  the  coil. 
This  was  used  as  a  self-induction  or  choking  coil  at  100  volts, 
alternating  at  66  periods  per  second :  the  number  of  watts 
expended  by  the  current  being  a  measure  of  the  work  required 
to  carry  the  iron  through  the  magnetic  cycle  needful  to  balance 

'  Proc.  British  Association,  1889  (see  The  Electrician),  See  also  an  important 
series  of  articles  by  Mr.  Sydney  Evershed,  on  Design  of  Tiansfonners  in  Tkt 
EkctriciaHf  beg;tnning  yoL  xxvL,  p.  477. 
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the  impressed  volts.  When  the  strips  were  simply  straight, 
the  current  was  found  to  be  22  amperes,  giving  apparent 
watts  2200 ;  but  as  the  angle  of  lag  was  about  86**  30',  the 
true  watts  were  only  135*5.  Then  the  ends  of  the  strips 
were  spread  out  to  imitate  the  hedgehog  arrangement,  with 
the  result  that  to.  carry  the  iron  core  through  the  same  magnetic 
cycle  as  before  (or  a  slightly  greater  cycle)  required  only  10*75 
amperes,  with  expenditure  of  1075  apparent  or  116*9  r^al 
watts.  Lastly,  when  the  ends  of  the  strips  were  bent  right 
round  and  laid  between  one  another,  completing  the  magnetic 
circuit  as  in  the  Ferranti  transformer,  the  current  fell  to  0*9 
ampere,  indicating  that  a  still  higher  degree  of  magnetization 
had  been  obtained  with  expenditure  of  only  90  apparent  or 
49*6  real  watts. 

Another  point  strongly  in  favour  of  closed  circuit  trans- 
formers is  the  entire  absence  of  waste  from  eddy-currents  in 
the  copper  conductors,  however  massive;  for  the  magnetic 
lines  seem  to  snap  across  them  absolutely  instantaneously,  so 
that  there  is  never  any  difference  in  the  intensity  of  the  mag-r 
netic  field  in  which  the  two  sides  of  a  conductor  find  them 
selves. 

The  relative  advantages  of  open  and  closed  circuit  trans 
formers   have  been  lately   discussed    in    the   Institution  of 
^Electrical  Engineers.* 

Tests  of  the  efficiency  of  transformers  have  been  given  by 
Mordey,*  Ayrton,^  and  others. 

For  further  information  on  the  constructional  details  of  transformers 
the  reader  is  referred  to  a  series  of  articles  by  R.  Kennedy,  in  the 
Electrical  Review ^  xx.  247  and  seq.,  1887,  since  republished  in  separate 
form  under  the  title  Electrical  Distribution  by  Alternating  Currents  and 
Transformers;  to  an  article  by 'Rechniewski,  in  La  Lumihre  Electriquey 
XX vi.  95,  1887 ;  to  the  paper  by  G.  Kapp,  in  Journal  Soc.  Teleg. 
Engineers,  xvii.  96,  1888,  to  which  reference  is  made  above;  to  the 
papers  by  Mr.  Swinburne  and  by  Mr.  Evershed  already  alluded  to ;  and 
to  the  volumes  of  Prof.  Fleming  on  The  Alternate  Current  Transformer^ 
which  appeared  in  serial  form  in  The  Electrician  in  the  years  1889-91. 


'  See  Journal  Inst,  Electrical  Engineers^  xx.  183  to  251,  1891. 

*  Ib,^  xviii.  609,  1890. 

•  /5.,  664. 
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Theory  of  Alternate  Transformers. 

There  are  two  ways  of  treating  the  theory  of  transformers — ^the 
first  by  introducing  the  notion  of  coefficients  of  mutual  and  self- 
induction  into  the  differential  equations  for  the  two  circuits;  the 
second  by  considering  the  magnetomotive-forces  at  work  in  the  iron 
core  as  the  result  of  the  algebraic  sum  of  the  ampere-turns  in  the 
two  circuits,  and  deducing  the  electromotive-forces  which  result 
from  the  variations  in  the  magnetic  induction  of  the  core — 

First  Method. 

This  method,  introduced  by  Maxwell,*  consists  in  finding  the 
electromotive-force  induced  in  the  second  circuit  by  the  variations 
of  current  impressed  upon  the  first  circuit  Accordingly  we  write  as 
the  differential  equation  of  the  first  circuit — 

Ei-M^'-Li^*-R,»i  =  o;  (,) 

where  Ei  is  the  impressed  electromotive-force  of  the  dynamo,  which 
is  supposed  to  fulfil  the  condition  E^  =  D  sin  2 «•«/  (seep.  626),  and 
where  Lj  and  R^  are  the  coefficient  of  self-induction  and  resistance 
of  the  primary  circuit  If  the  supposition  is  admitted  that  a  constant 
(alternating)  potential  can  be  maintained  at  the  terminals  of  the 
primary  coil  (by  proper  compounding  of  the  dynamo,  see  p.  747,  or 
otherwise),  then  die  letters  E^,  L^,  and  R^,  may  be  taken  to  apply  to 
that  part  of  the  primary  circuit  only  which  lies  between  the  terminals 
of   the  primary  coiL     From  this  differential  equation  we  have  to 

deduce  a  value  for  M   --*.     For  brevity  we  will  write  w  for  2  ir  «  /  and 

at 

—  o)*  i  for  -— ^ ,  because  i  is  a  sine-fimction.  Then  differentiating 
equation  (i)  we  get — 

^^  +  M <u««,  +  Li  o,«i\  -  Rj £j  =  o.  (2) 

'  PhUos9phical  Transactions^  cly.  pt  i.  p.  459,  1865.  In  tMs  paper  Maxwell 
shows  that  the  effect  of  the  second  circuit  is  to  add  to  the  apparent  resistance  and 
diminish  the  apparent  self-induction  of  the  first  drcoit  The  student  will  find  the 
equations  more  fully  treated  by  Mascart  and  Joubert,  ElectrictU  et  Magnitismc^ 
^  593f  &nd  ii.  834 ;  also  by  Hopkinson,  Journal  Soc,  Tdig,  Engineers^  xiii. 
511,  1884;  Ferraris,  Mem,  Aecad,  Set.  (Turin),  xxxvii.  1885;  and  byVaschy, 
Annales  TiUgrapkiques^  1 885-6,  or  Thiorie  des  Machines  MagnHo  et  DyruunO' 
ilectriqius^  p.  31.     A  summary  of  Maxwell's  work  is  given  in  Fleming's  book. 


Transformers.  74 1 

Now  multiply  this  by  Ri  to  get  equation  (3),  and  multiply  equation 
(i)  by  L,  w",  to  get  equation  (4) ;  and  add  (3)  and  (4)  to  get  (5). 

Ri  ^  +  Mo,«Ri/,+  L,a>«R,/,  -  Ri»^^  =  o,  (3) 

Lico^Ei  -  Lio^M  ^*  -  Vo)»^^  -  Lica^Ri/i  =  o,       (4) 

at  at 

(Ri«  +  V<»«)^»  =  R,^  +  L,<««E,  +  M»»(r,/,  -  L,^»)  (s) 

M 
Now  multiply  every  term  by  ,  and    write    the    following 

Ri*-f-L»j  w* 

abbreviations : — 

M«i> 

VRi»  +  Li»<««"    ' 

_  5  (?L  .^  +  Li  E,^  =  Ej,  =  >J  Ex  sin  («  /-*),  where  ^  relates 

M.  V  Q)^     at  / 

to  the  phase  of  the  electromotive-force ;  and  we  may  write  equation 
(S)as— 

Mg»  =  p,-,-.A^'-E,  (6) 

Now  the  differential  equation  for  the  second  circuit  is — 

M^  +  L3^+R,i,  =  o;  (7) 

there  being  in  this  circuit  no  other  electromotive-forces  than  those 
due  to  mutual  and  self-induction.  Inserting  in  (7)  the  value 
obtained  in  (6),  we  get  as  the  final  equation — 

(R»+P)«,+  (L,-X)^-E,  =  o.  (8) 

This  shows  us  that  the  whole  effect  is  equivalent  to  that  which  would 
happen  if,  the  primary  circuit  being  absent,  there  were  introduced 
into  the  secondary  circuit  an  electromotive-force  equal  to  i^E^,  and  at 
the  same  time  the  resistance  were  increased  by  a  quantity  equal  to 
fp^  Rii  and  the  self-induction  were  diminished  by  a  quantity  equal  to 
k^  Lj.  Further,  examination  of  k  shows  us  that  if  the  frequency  of 
alternation  and  the  permeability  of  the  iron  core  be  great  enough, 
k  becomes  equal  to  M  H-  L19  or  equal  to  the  reciprocal  of/,  the  ratio 
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of  the  primaxy  and  second  windings.  But  if  there  are  equal 
weights  of  copper  in  the  two  coil's,  Lj  =/*  Lgand  Rj  =/*  Rj.  So 
that  the  effect,  when  the  transformer  is  fiilly  at  work,  is  to  make 
X  =  L2,  and  p  =  the  resistance  of  the  secondary  coil;  or  self-induction 
is  wiped  out,  and  the  internal  resistance  of  the  secondary  is  virtually 
doubled 

Second  Method, 

In  this  method,  due  to  Hopkinson,^  we  begin  by  considering  the 
magnetomotive-force  requisite  to  force  N  magnetic  lines  through  a 
core  having  length  /and  permeability  fu  This  magnetomotive-force 
is  due  to  the  algebraic  sum  of  the  ampere-turns  in  the  two  coils. 
Following  the  aigument  on  p.  177,  Chapter  VI.,  we  may  therefore 
write: — 

or  if  the  core  has  area  of  cross-section  A,  and  there  are  B  lines  to  the 
square  centimetre,  we  may  write  N  =  A  B ;  and  then,  the  magneto- 
motive-force will  be — 

i^(Si»\  +  S,,-,)  =  AB-i-=-/=H/.  (a) 

10  \  /  A/x       IL 

We  then  write  two  equations  for  the  electromotive-forces  impressed 
in  the  two  circuits  as  follows  : — 

El  =  Ri/\  -  S,^  =  R^/,  -  Si  A  ^,  (3) 

o  =  (ra  +  Ra)ia  -  S^^  =  (''a  +  ^a) ^'2  "  S^  A ^ ;        (4) 

where  R2  is  the  resistance  of  the  lamp  circuit,  and  r2  the  internal 
resistance  of  the  secondary  oil  Multiplying  (3)  by  S2  and  (4)  by 
Si,  we  deduce — 

S2  El  =  S2  Ri  ^1  ""  Si  (r2  -h  R2)  i^  y 

which  with  equation  (2)  gives — 

ii{SiRi  +  S!(r2+Ra)}=SjEi  +  Si(r2  +  R2)(ioH/-^4^), 
'•2{S;Ri  +  S;(r2.fR2)}=  -SiS2Ei  +  S2Ri(ioH/.^4ir); 

and 

A^j      _      (r2+R2)SiEi  loH/  Ri  (ra  +  R2)  /p 

"^dt"      Sj|Ri  +  Sj(r2  +  R2)        4T     "S!Ri  +  S;(r2  +  R2) 

>  Proc.  Roy.  Sdc,,  February  1887. 
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The  second  term  may  be  neglected  simply  because  H  /  is  small  com- 
pared with  —  Sj  I'l ;  in  other  words,  because  it  is  only  the  diflference 

between  Sj  i^  and  Sa  i^  (both  of  which  are  very  large),  that  is  needed 
as  a  magnetomotive-force,  and  this  is  smaU  if  the  permeability  of  the 
iron  is  great  as  it  is  when,  as  in  actual  practice,  B  is  not  carried 
above  8000  or  10,000  lines  to  the  square  centimetre.  We  have 
then — 

A  —  -  —  =  -       (ra  -f  Ra)  S^  E^ 

^  dt"  dt  SiRi  +  S;(ra+Ra)" 

And  remembering  that  £,  =  Sj  --r-  >we  get 


Ea=  - 


s 

(r,  -j-  Ra)  El  g- 
-^  Ri  +  ra  +  Ra 


But  Ea,  the  effective  electromotive  force  in  the  secondary  circuit,  is 
equal  to  (ra  +  Ra)  f'a  '>  l^^nce  it  follows  that — 

El  o~" 
i^=-  ^—^^' (6) 

s; 


Ji  Rl  +  ^2  +  ^2 


Now  if  the  condition  of  supply  in  the  mains  is  such  as  to  give 
constant-potential  at  the  terminals  of  the  primary  circuit,  we  may 
take  Ej  and  R^  as  referring  to  that  which  is  internal  to  the  primary 
coU ;  and  it  is  evident  that  the  effect  of  the  transformer  is  to  reduce 
the  volts  in  proportion  to  the  ratio  of  the  windings,  and  to  add  to  the 
resistance  of  the  secondary  circuit  a  term  equal  to  the  resistance  of 
the  primary  circuit  reduced  in  proportion  to  the  square  of  the  ratio 
of  the  windings.  It  also  foUows,  from  the  negative  sign  in  (6),  that 
the  two  currents  are  in  exactly  opposite  phases. 

An  important  study  of  the  theory  of  transformers  has  been  made 
by  Pro£  Perry,^  who  finds  several  important  results.  If  it  be  assumed 
that  there  is  no  magnetic  leakage  and  that  there  are  no  magnetic 
reactions  in  the  outer  secondary  circuit,  then,  though  the  lag  of  pri- 
maiy  current  behind  the  impressed  primary  voltage  varies  consider- 
ably at  different  loads,  yet  the  lag  of  the  secondary  current  behind 
the  impressed  primary  voltage  is  always  nearly  180° ;  and,  whatever  the 

*  PMlofopkical  Magazine,  August  1891. 
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jSwrwof  the  impressed  primaiy  curve  of  volts,  the  resultant  curve  of 
secondary  amperes  is  of  the  same  form.  But  if  there  is  even  a  small 
amount  of  leakage — as  little  as  1*33  per  cent  of  the  magnetic  flux 
— these  conclusions  must  be  modified,  the  secondary  current  being 
now  not  nearly  exactly  in  opposite  phase  to  the  primary  voltag^e, 
though  almost  exactly  in  opposite  phase  to  the  primary  current,  die 
lag  of  which  depends  inter  alia  on  the  coefficient  of  leakage. 

Professor  Perry  has  lately  further  investigated  the  theor>^ 
of  a  transformer  wound  with  any  number  of  separate  circuits. 
Of  this  investigation,  which  is  otherwise  unpublished,  the 
following  are  the  chief  points. 

Let  Ex,  E3,  Es  .  .  .  .  &a,  be  the  independent  impressed 
volts  in  the  various  circuits.  Assume  that  there  is  no  magnetic 
leakage.     Let  the  ampere-turns  be  written 

A  ^  oi^i  +  02^3  "^   •  •  •  •  ^x'^x. 

Let  the  permeance  of  the  core  be  written 

aih 

where  a  is  the  cross-section  and  /  the  length  of  the  core.  It 
is  assumed  that  /li.  is  a  constant  for  a  given  cycle. 

Let  the  symbol  6  stand  for  the  operator  •^.    The  numerical 

value  of  this  operator  will  be  in  practice  a  quantity  of  the 
order  of  magnitude  600 ;  for,  assuming  the  alternations  » to  be 
about  100  per  second,  and  that  the  magnetization  of  the  core 
follows  approximately  a  sine-function  of  the  time,  it  results 
that  the  induced  electromotive-forces  will  be  also  sine-func- 

TT 

tions  differing  -  in  phase :  for 

d(^\n  2'rrnt)                                               /  .             .      w" 
— ^^ — J- =^  2irn cos 27r«/  =  27r«isin27r**' 

Whence  ^  =  2  tt  «,  or  is  numerically  628. 


(sin  2'rrnt Y 


Then  in  any  circuit  the  current  sent  through  its  resistance 
will  depend  only  on  the  impressed  volts  in  that  circuit    (if 
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any)  and  the  volts  due  to  the  inductive  action  of  the  core. 
There  is  no  need  to  divide  the  latter  arbitrarily  into  separate 
parts,  a  self-inductive  part  and  parts  due  to  mutual  inductions 
with  each  of  the  other  circuits. 

Hence  we  may  at  once  write  : — 

El  =  Ri/i  +  Sicr^A, 
E2  =  Rj  /a  +  S2  o"  V  A, 
E3= 


E,  =  R^^x+  S^o-^A. 

There  being  as  many  equations  as  circuits.     Now  multiply 

S      S 
each  equation  severally  by  — \   :^,   &c  .  .  .  .;    and    add 

Ki    Kj 

them  together,  giving ; — 

2|e  =  A  +  ycr^A, 

where  ?  =  5r  +  5-*+....+~^. 

In  this  quantity  q  the  important  term  for  actual  work  is 
the  first,  because  in  all  the  other  terms  the  R  part  is  relatively 
large,  owing  to  the  presence  of  external  resistances,  unless 
any  of  the  circuits  is  short-circuited.  Any  closed  internal 
circuit  in  which  eddy-currents  might  occur  maybe  treated  as 
a  term  in  this  series,  and  might  not  be  negligible  in  comparison 
with  the  first  term.  Now  writing  the  symbol  —  i  as  the 
exponent  of  an  inverse  operation,  we  have  for  the  value,  at 
any  instant,  of  the  total  ampere-turns  : — 

Inserting  this  in  any  of  the  equations,  and  taking  as  typical 
of  the  lot  the  /th  circuit,  we  get  for  the  current  in  the  /th 
circuit, 
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We  have  thus  got  an  expression  for  the  current  in  any 
circuit,  -whatever  the  electromotive-forces  or  resistances  in 
any  of  the  circuits. 

To  apply  this  to  the  ordinary  case  of  a  transformer  having 
but  one  primary  circuit,  we  have  merely  to  write  E2,  E3,  &c, 
=  o.  And  for  convenience  we  will  consider  Ri  as  the  internal 
resistance  only,  so  that  we  may  replace  Ei  by  V  the  volts  at 
the  primary  terminals.  We  still  retain  the  possibility  of  any 
number  of  secondary  or  induced  circuits.     We  then  have : 

A  =  ||(l+^ad)->V (I) 

''  =  v-R:r+7^^    ....    (2) 

Now  since  in  practice  Q  =  600,  qcQis  large  compared  with  i. 
Hence  the  last  results  reduce  to 

K  =  ^\vdt (i«) 


V      S?  V  ,       I     /•„  .,  .    . 

If  there  is  no  load  on  any  of  the  secondaries,  Rj,  R3,  &c., 
are  =  x,  and  q  =  SJ/Ri ; 

or  at  full  load 
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For  further  discussions  on  alternating  transformers  see — 

Ferraris:    La  LumUre  EUctrique^  xvi.  399,  1885;   xxvii.  518,  r888 ;  and 
Electrical  Review^  xvi.  256,  343  seqq.  1885  ;  xxii.  221,  252,  1888. 

G.  Kapp:  Industries^  April  1887;  and  Electrician^  1887.      Also  Journal  Soc. 
Teleg,  Engineers,  xvii.  96,  1888,  with  discussion  thereon. 

G.  Forbes  :  Jaurn,  Soc.  TeUg,  Engineers,  xvii.  153,  1888. 

Rechniewski :  La  Lumiire  Eleetrique,  xxv.  613,  1887. 
^  Peukert  and  Zickler :  ZeUschrift  fur  Elektrotechnik,  1886;  and  La  LumUre 
ElectriquCy  xxi.  276,  1886.     Also  Electrical  Review,  xix.  80,  1886. 

Constant-current  Alternating  Transformers. 

Transformers  arranged  so  that  the  two  self-inductions  of  the 
two  coils  are  high  compared  with  the  mutual  induction  between 
them  have  been  designed  by  Elihu  Thomson  and  by  Stanley  for  the 
purpose  of  yielding  alternating  currents  of  a  constant  number  of 
virtual  amperes.  Swinburne^  has  pointed  out  that  a  hedgehog 
transformer  will  answer  in  this  way  if  the  primary  and  secondary 
coils  are  wound  on  opposite  ends  instead  of  being  wound  close 
together.  An  ordinary  transformer  can  be  adapted  to  such  service 
if  a  choking-coil  is  introduced  into  the  secondary  circuit  The  use 
of  constant-current  apparatus  is  for  feeding  arc  and  glow  lamps  in 
series. 

Use  of  Transformers  for  Regulating  Alternators. 

By  use  of  transformers  it  is  possible  to  attain  a  means  of  self- 
regulation  akin  to  the  methods  of  compound  winding  adopted  for 
continuous-current  dynamos.  Assuming  that  an  initial  and  constant 
excitation  can  be  afforded  by  a  separate  exciter,  it  remains  to 
supplement  this  by  a  variable  excitation  which,  in  the  case  of  con- 
stant-potential distribution,  must  be  proportional  to  the  main  current, 
or  in  the  case  of  constant-current  distribution  must  be  proportional 
to  the  resistance  in  the  circuit  Various  combinations  have  been 
suggested  by  Zipemowsky,  Kennedy,  and  Schallenberger. 

Fig.  478  shows  Zipemowsk/s  arrangement,  and  represents 
diagrammatically  a  machine  with  internal  revolving  field-magnet  of 
eight  poles.  The  armature  consists  of  eight  stationary  coils,  seven  of 
which  are  joined  in  series  to  feed  the  main  circuit,  the  eighth  coil 
S  being  separated  from  the  rest  and  used  to  provide  excitation  for 
the  field-magnets,  its  currents  being  conveyed  in  through  a  suitable 
commutator  on  the  shaft  of  the  machine.  In  the  main  circuit,  just 
beyond  the  terminals  of  the  machine,  is  inserted  the  primary  coil  of 

*  Journal  Inst.  Electrical  Engineers,  xx.  192,  1891. 
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a  small  transfermer  T,  the  secondary  of  which  is  connected  with  the 
exciting  circuit     In  this  way  an  additional  excitation  is  procured, 

Fig.  478. 


Zipsrnowsky's  Method  of  Compounding  Alternate-current 

Dynamo. 

always  proportional  in  amount  to  the  currents  that  are  flowing  in 
the  main  circuit  It  is  possible  to  avoid  using  the  coil  S  by  substi- 
tuting the  secondary  of  another  transformer,  the  primary  of  which 
is  placed  as  a  shunt  across  the  mains. 

MOTOR-DYNAMOS. 

These  are  of  two  sorts :  (i)  for  transforming  a  continuous 
current  at  any  voltage  to  a  continuous  current  .of  different 
strength  at  a  different  voltage ;  (2)  for  transforming  a  con- 
tinuous current  into  an  alternating  one,  or  vice  versd, 

CONTINUOUS-CURRENT  TRANSFORMERS. 

Gramme,  in  1874,  constructed  a  machine  with  a  ring-arma- 
ture wound  with  two  circuits — one  of  coarse  wire,  the  other 
with  fine  wire,  having  eight  times  as  many  turns.  Two 
separate  commutators  were  connected  with  the  two  windings. 
This  machine  could  be  used  for  transforming  either  from  high 
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to  low  potential  or  vice  versd.  The  same  end  can  be  less 
conveniently  attained  by  uniting  on  one  shaft  the  armatures 
of  two  dynamos,  one  to  be  used  as  a  motor  driving,  the  other 
as  a  generator ;  and  these  may  have  separate  field-magnets, 
or  a  common  field  magnet.  In  England,  continuous-current 
transformers  have  been  introduced  with  success  by  Messrs. 
Laurence,  Paris,  and  Scott,^  who  employ  a  2-pole  machine 
with  cast-iron  frame  and  an  armature  wound  with  double 
circuits.  There  is  very  little  sparking  with  such  machines,  as 
the  reactions  in  the  two  sets  of  coils  tend  to  correct  each 
other.  The  field-magnet  is  excited  as  a  shunt  to  the  low- 
potential  armature  coil.  Swinburne  has  discussed  many 
possible  combinations,  including  one  for  transforming  from  a 
constant  current  to  a  constant-potential  condition  of  distribu- 
tion. In  the  Chelsea  central  station  a  number  of  motor- 
dynamos  are  used.  They  have  been  described  in  detail  by 
Major-General  Webber,^  and  include  several  types,  some 
being  by  Laurence  and  Scott,  others  of  Elwell-Parker 
construction. 

The  following  are  particulars  of  an  Elwell-Parker  continuous- 
cunrent  transformer,  closely  resembling  the  machine  drawn  in  Plate 
VI.,  drum  woimd,  but  having  a  commutator  at  each  end  of  the 
armature. 


Volts        

Amperes v    .  " 

Resistance    of  armature  winding 

(ohms)         

Conductors  around  armature 
Segments  in  commutator 

Primary. 

Secondary. 

1000 
40 

0*427 
64S 
162 

no 

360 

0*0052 
72 
36 

Speed  500  reyolutions  per  minute. 

Field-magnets :  shunt-wound  with  3080  turns ;  resistance  8*5  ohms. 

Armature  core :  diameter  of  disks  16^  in. ;  nett  cross  section  of  iron 

326  sq.  in. 
Efficiency  of  double  transformation  :  at  full  load  83  per  cent. ;  at  half 

load  75  per  cent. 

'  See  Electrician^  xix.  517,  October  1887  ;  and  EUeirical Review,  xxii.  4,  1888. 
s  yburnai  Inst,  Electrical  Engineers,  xx.  63  to  69,  1891,  giving  drawings 
and  data  of  three  machines. 
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A  somewhat  different  system  of  continuous-current  trans- 
formation  has  been  suggested  by  Cabanellas,^  and  patented  by 
Edison,*  in  which  neither  armature  nor  field-magnet  revolves, 
but  in  which,  by  means  of  a  revolving  commutator,  the 
magnetic  polarity  of  a  double-wound  armature  is  continually 
caused  to  rotate.  In  a  further  modification  of  this  idea,  due 
to  Jehl  and  Rupp,  a  mass  of  iron,  which  completes  the 
magnetic  circuit,  rotates  within  the  double-wound  ring.^ 

It  has  been  proposed  to  employ  a  motor-dynamo  to  compensate 
the  drop  in  voltage  on  long  mains  by  inserting  into  the  main  at  a 
distant  point  a  series-motor  driving  an  amiature  placed  as  a  shunt 
across  the  mains.  Lahmeyer*  calls  this  device  a  "  far-leading " 
dynamo  (Femleitimgs-dynamo). 

Another  combination  is  useful  for  three-wire  and  five- wire  systems 
of  distribution,  a  number  of  amiatures  or  windings  on  the  same 
shaft  being  connected  across  the  various  pairs  of  mains.  If  at  any 
pair  of  mains  the  potential  drops,  this  armature  will  begin  to  feed 
this  pair,  being  driven  by  the  other  armatures  as  motors.  Such  a 
device  is  called  an  "equalizing"  dynamo  (Ausgleichungs-dynamo). 

For  further  notices  of  the  methods  of  continuous-current  trans- 
formation, the  reader  is  referred  to  articles  by  Elihu  Thomson,  in 
Electrical  World,  x.  io8,  1887 ;  by  R.  P.  Sellon,  in  Electrician^  xx. 
633,  1888;  and  by  Rechniewski,  in  La  Lumihre  Electrique,  xxv. 
416,  1887. 


Theory  of  Continuous-Current  Transformers. 

Let  S  be  the  potential  at  terminals  of  the  primaiy  or  motor  part, 
and  e  that  at  terminals  of  the  secondary  or  generator  part  Let  the 
ii,  Tj,  and  Ci  stand  respectively  for  the  armature  current,  armature 
resistance,  and  number  of  armature  conductors  of  the  primary  part ; 
and  /a*  ^2t  ^^^  ^1  ^'^^  ^^  corresponding  quantities  of  the  secondary 
part.     Then  the  two  induced  electromotive-forces  will  be — 

El  =  «  Ci N,  and  E^  =  ^Ca N ;  and 

El  =  6  —  ^1  'i>  and  £3  =  ^  +  r^  i^ 

'  See  La  Nature^  p.  43,  1882. 

'  Specification  of  Patent,  3949  of  1882  ;  and  EUctridan,  zix.  479,  1887. 

*  See  Electrician^  xix.  514,  1887 ;  xx.  7,  1887 ;  and  Specification  of  Patent, 
2130  of  X887. 

*  Centralblattfiir  EUktrotechnik^  xi.  402,  1889. 
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Now  write/  for  0^-^02  (the  reciprocal  of  the  coefficient  oftransfor- 
matiofi)y  and  we  have — 

But  the  electric  work  done  on  and  by  the  armature  is  equal,  assuming 
loss  by  eddy-currents  and  hysteresis  to  be  negligible,  or  Ei  i^  = 
£a  i2>  whence  i^  =  /  {\,  so  that  the  last  equation  becomes — 

This  shows  that  everything  goes  on  in  the  secondary  circuit  as 
though  the  potential  were  reduced  from  that  of  the  primary  mains 
in  proportion  to  the  respective  numbers  of  windings  on  the  arma- 
ture ;  and  as  though  there  were  added  to  the  internal  resistance  of 
the  secondary  circuit  a  resistance  equal  to  that  of  the  primary  wind- 
ing multiplied  by  the  square  of  the  coefficient  of  transformation. 
The  ratio  of  transformation  is  independent  of  the  speed  and  of  the 
magnetism,  though  these  two  quantities  depend  inversely  on  one 
another.  If  the  dynamo  (or  secondary)  part  is  compound  wound 
the  speed  may  be  veiy  nearly  constant  at  all  loads;  but  there  is 
little  advantage  in  this,  as  the  speed  always  adjusts  itself  to  what  is 
wanted.  If  the  distant  generator  supplying  the  system  is  properly 
over-compounded  it  will  keep  the  voltage  at  the  lamps  constant, 
though  the  transformer  is  interposed.  The  objections  to  the  use 
as  transformers  of  running  machines  are  almost  entirely  met  by  the 
considerations  that  these  machines  run  sparklessly  (owing  to  the 
balancing  of  the  self-inductions  of  the  two  windings),  and  with  veiy 
little  friction  at  the  bearings,  because  the  driving  and  driven  parts 
are  both  contained  in  the  one  rotating  part 


Continuous-alternating  Transformers. 

To  change  an  alternating  current  to  a  continuous  one,  or 
vice  versdy  there  is  required  a  combination  of  an  alternator  and 
a  continuous-current  machine,  to  serve  one  as  generator,  the 
other  as  motor.  This  may  consist  of  two  separate  machines 
coupled  together,  as  shown  in  Fig.  479,  which  represents  an 
alternator  combined  with  an  internal-pole  continuous-current 
dynamo,  both  of  Siemens*  pattern,  to  transform  from  2000 
volts  alternating  to  150  volts  continuous,  for  charging 
accumulators,  &c. 
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But  it  is  not  necessary  for  this  purpose  to  couple  two 
separate  machines.  Consider  the  armature  of  any  ordinary 
dynamo,  say,  a  2-pole  ring  machine.  If,  in  addition  to  the 
ordinary  commutator,  there  are  provided  two,  three  or  four 
separate  contact-rings,  united  severally  to  two,  three  or  four 
points    situated    symmetrically    around    the    ring,*   such    a 

Fic.  479. 
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machine  may  be  used  to  give  out  or  receive  alternating 
currents  of  two,  three,  or  four  phases ;  one  winding  serving 
for  both  kinds  of  currents.  Multipolar  machines  are  prefer- 
able for  this  purpose  as  giving  without  undue  speed  of  driving 
more  rapid  alternations  than  2-pole  machines.  Such  multiplex 
machines  were  shown  at  Frankfort  in  1891  by  Schuckert 
Haselwander,  and  Dobrowolsky. 

'  Such  a  machine — an  "  E  "  Gramnie  with  two  contact  lings  added  by  Dr.  R. 
M.  Walmsle; — has  been  uied  for  some  yeait  in  the  Technical  Cdlcge,  Finsboiy. 
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CHAPTER  XXVI. 

ELECTRIC  TRANSMISSION  OF  ENERGY. 

In  all  problems  relating  to  the  electric  transmission  of  power, 
whether  over  short  or  long  distances,  it  is  vital  to  remember 
that  there  are  two  factors  to  be  considered,  the  current  and 
the  pressure  (or  potential)  at  which  it  is  transmitted.  In  the 
ordinary  distribution  of  electric  energy  from  central  stations 
in  cities,  whether  with  direct  or  alternating  currents,  it  is 
usual  to  observe  the  condition  o{  constant  pressure,  the  current 
being  varied  in  proportion  to  the  demand.  But  for  series 
lighting,  it  is  possible  to  observe  the  other  condition  of  main- 
taining a  constant  current,  the  pressure  being  varied  in  pro- 
portion to  the  number  of  lamps  in  the  circuit.  It  is  well  to 
bear  this  distinction  in  mind  in  the  problem  of  transmission  to 
a  distance,  although  in  fact  power  may  be  electrically  supplied 
without  conforming  to  either  of  these  prescribed  conditions  of 
supply.  We  have  seen,  p.  560,  how  it  came  to  be  recognized 
that  the  secret  of  success  in  long  distance  transmission  lay  in 
the  use  of  high  voltages,  as  this  permitted  the  use  of  small 
currents,  and  therefore  of  thin  conducting  wires.  We  may 
with  advantage  recapitulate  the  problem  of  economy  of  trans- 
mission. 

It  is  required  first  to  determine  the  relation  between  the 
potential  at  which  the  current  is  supplied  to  the  motor,  and 
the  heat-waste  in  the  circuit. 

Let  S  R  stand  for  the  sum  of  all  the  resistances  in  the 
circuit;   then,  by    Joule's  law,  the  heat-waste  is  (in  watts) 

i*  S  R.     And  since  i  =  ~  ^^— ,  we  may  write  ; 

heat-waste  =  — -^rs     ' 

3  C 
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Now  suppose  that  without  changing  the  resistances  of  the 
circuit  we  can  increase  S,  and  also  increase  E,  while  keeping 
S  —  E  the  same  as  before,  so  that  the  current  will  be  the 
same :  it  is  clear  that  the  heat  loss  will  be  precisely  the  same 
as  before.     But  how  about  the  work  done  ?    Let  the  two  new 

values  be  respectively  &  and  E.  Then  the  electric  energy 
expended  is 

and  the  useful  work  done  is 

ze;  =  E  /. 

That  is  to  say,  with  no  greater  loss  in  heating,  more  energy 
is  transmitted,  and  more  work  done.  Also  the  efficiency  is 
greater,  for 

w  _.  E 

w    s 

and  this  ratio  is  more  nearly  equal  to  unity  than  -^  ,  because 

both  S  and  E  have  received  an  increment  arithmetically  equal. 
As  an  example,  suppose  S  to  be  lOO  volts  and  E  90  volts,  and 
the  sum  of  the  resistances  to  be  i  ohm.  Then  /  will  be  10 
amperes.  The  power  supplied  will  be  1000  watts ;  that 
utilized  will  be  900  watts  ;  the  heat-waste  is  100  watts  ;  and 
the  electrical  efficiency  90  per  cent.     Now  suppose  the  voltages 

increased  so  that  g  is  looo  volts,  and  E  990  volts.  The 
current  will  still  be  10  amperes.  The  power  supplied  will  be 
10,000  watts,  of  which  9900  will  be  utilized  and  lOO  wasted  in 
heat.  We  have  10  times  as  much  power  transmitted,  with  the 
same  heat-waste  as  before,  and  the  efficiency  has  risen  to  99 
per  cent.  Clearly,  then,  it  is  an  economy  to  work  at  high 
voltage.  The  importance  of  this  matter  cannot  be  overrated. 
But  how  shall  we  obtain  •  this  higher  electromotive-force  ? 
there  are  four  ways  open  to  us.  [/]  The  simplest  expedient 
is  that  of  driving  both  generator  and  motor  at  higher 
speeds.  The  objections  to  this  expedient  are  the  purely  me- 
chanical considerations  of  liability  to  heating  of  bearings  and 
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centrifugal  flying.  \ii\  A  second  way  is  to  wind  the  armatures 
of  both  machines  with  many  coils  of  wire  having  many  turns. 
This  expedient  has,  however,  the  effect  of  putting  great  resist- 
ances into  the  circuit.  This  circumstance  may,  nevertheless,  be 
no  great  drawback,  if  there  is  already  a  great  resistance  in  the 
circuit — as,  for  example,  the  resistance  of  many  miles  of  wire 
through  which  the  power  is  to  be  transmitted.  In  this  case, 
doubling  the  electromotive-force  will  not  double  the  resistance. 
Even  in  the  case  where  the  line^si^tance  is  insignificant,  an 
economy  is  effected  by  raising  the"  electromotive-force.  For, 
as  may  be  deduced  from  the  equations,  when  g  —  E  is  kept 
constant,  the  effect  of  doubling  the  electromotive-force  is  to 
increase  the  efficiency,  even  when  the  resistance  of  the  line  is 
very  small  as  compared  with  that  of  the  machines,  and  to 
double  it  when  the  resistance  of  the  line  is  very  great  as  com- 
pared with  that  of  the  machines.  It  is,  in  fact,  worth  while 
to  put  up  with  the  extra  resistance,  which  we  cannot  avoid 
if  we  try  to  secure  high  electromotive-force  by  the  use  of 
coils  of  fine  wire  of  many  turns,  [m]  A  third  way,  not  open  to 
any  of  these  objections,  is  to  increase  the  magnetic  field  by 
employing  a  more  powerful  field-magnet,  [iv]  A  fourth  way  is 
to  put  several  machines  in  series  with  one  another  so  as  to 
add  their  separate  electromotive-forces. 

The  advantage  derived  in  the  case  of  the  electric  transmis- 
sion of  energy  from  the  employment  of  very  high  electro- 
motive-forces in  the  two  machines  is  also  deducible  from  the 
diagram. 

Let  Fig.  372,  given  on  p  568,  be  taken  as  representing 
the  case  where  g  is  100  volts  and  E  80  volts.  Now  suppose 
the  resistances  of  the  circuit  to  remain  the  same  while  &  is 
increased  to  200  volts  and  E  to  180  volts.  (This  can  be 
accomplished  by  increasing  the  speed  or  the  magnetism  of 
both  the  generator  and  the  motor  to  the  requisite  degrees.) 
S  —  E  is  still  20  volts,  and  the  current  will  be  the  same  as 
before.  Fig.  480  represents  this  state  of  things.  The  square 
K  G  H  D  which  represents  the  heat-waste  is  the  same  size  as 
before  ;  but  the  energy  spent  per  second  is  twice  as  great,  and 
the  useful  work  done  is  more  than  twice  as  great  as  previously. 

3  C  2 
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High  voltage,  therefore,  means  not  only  a  greater  quantity  of 
power  transmitted,  but  a  higher  efficiency  of  transmission 
also.  The  efficiency  of  the  system  in  the  case  of  Fig.  372  was 
80  per  cent ;  in  the  case  of  Fig.  480  it  is  90  (the  dynamos 
used  being  supposed  "  perfect ")  ;  and  whilst  double  energy  is 
expended,  the  useful  return  has  risen  2\  times. 

Fig.  480. 


In  the  attempt  of  M.  Marcel  Deprez  to  realize  these 
conditions,  in  the  transmission  of  power  from  Miesbach  to 
Munich  in  1882,  through  a  double  line  of  telegraph  wire,  over 
a  distance  of  34  miles,  high  electromotive-forces  were 
actually  employed.  The  machines  were  two  ordinary 
Gramme  dynamos,  the  magnets  being  series-wound,  similar 
to  one  another,  but  their  usual  low-resistance  coils  had  been 
replaced  by  coils  of  very  many  turns  of  fine  wire.  The 
resistance  of  each  machine  was  470  ohms,  whilst  that  of  the 
line  was  950  ohms.^  The  velocity  of  the  generator  was  2icx) 
revolutions  per  minute ;  that  of  the  motor,  1400.  The 
difference  of  potential  at  the  terminals  of  the  generator  was 
2400  volts;  at  that  of  the  motor,  1600  volts.  According  to 
Professor  von  Beetz,  the  President  of  the  Munich  Exhibition, 

'  These  figures,  and  those  which  follow,  are  given  on  the  authority  of  the 
President  of  the  Munich  Exhibition,  Professor  von  Beetz. 
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where  the  trial  was  made,  the  actual  mechanical  efficiency 
was  found  to  be  32  per  cent  In  Deprez's  later  experiments, 
in  1886,  between  Creil  and  Paris,i  the  potentials  were  6004 
and  5456  volts  respectively ;  and  according  to  M.  Levy  the 
mechanical  efficiency  as  measured  by  dynamometers  was  44*  81 
per  cent,  the  distance  being  about  36  miles.    M.  Deprez  has 

given  the  rule  that  the  efficiency  ^  is  obtained,  in   the  case 

W 

where  two  identical  machines  are  employed,  by  comparing 

the  two  velocities  at  the  two  stations.     Or 

W         Hi 

Where  ni  is  the  speed  of  the  generator,  «a  that  of  the  motor. . 
There  is,  however,  the  objection  to  this  formula,  that  the 
electromotive-forces  are  not  proportional  to  the  speeds,  unless 
the  magnetic  fields  of  the  two  machines  are  also  equally 
intense,  and  the  current  running  through  each  machine  the 
same.  This  is  not  the  case  if  there  is  any  leakage  along  the 
line.  Further,  even  though  the  current  running  through  the 
armatures  and  field-magnets  in  the  generator  which  creates 
the  current,  and  in  the  motor  which  utilizes  the  current,  be 
absolutely  identical  the  intensities  of  the  magnetic  fields  of 
the  two  machines  are  not  equal,  even  though  the  machines  be 
absolutely  identical  in  build :  the  reaction  between  the  arma- 
ture and  field-magnet  in  the  dynamo  that  is  used  as  a  motor 
is  different  from  that  in  the  dynamo  which  is  being  used  as 
the  generator. 

In  an  experiment,  M.  Fontaine,*  by  using  several  Gramme 
machines  coupled  in  series  at  each  end  of  a  line,  the  resistance 
of  which  was  100  ohms,  succeeded  in  transmitting  50  horse- 
power with  a  mechanical  efficiency  of  52  per  cent.  This 
experiment  realized  the  suggestion  made  in  1879  by  Elihu 
Thomson  for  the  economic  use  of  several  machines  in  series. 
Seven  machines  were  used,  of  similar  construction,  resembling 
Fig.  325,  and  each  weighing  1200  kilos.,  and  of  about  16  kilo- 

»  Electrician,  xvii.  318,  1886.  «  V Elcctricieny  x.  707,  1886. 
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watts  capacity.  Four  were  united  in  series  at  the  generating 
end,  and  driven  at  1298  revolutions  per  minute  by  a  steam 
engine  indicating  113  HP.  Brake  tests  at  the  generating  end 
showed  the  actual  HP.  to  be  95*88.  The  other  three 
machines  were  used  as  motors,  their  power  being  measured 
by  a  brake.  They  gave  out  49*98  HP.  at  11 20  revolutions 
per  minute.  The  current  was  9*34  amperes.  The  result  is 
that  there  was  a  nett  efficiency  of  52  per  cent.  The  re- 
sistance of  the  machines  was  about  ii^  ohms  each.  The 
voltage  at  the  generating  end  of  the  line  was  5996  volts : 
that  at  the  receiving  end  was  5062  volts. 


Efficiency  of  Transmission. 

It  can  readily  be  shown  that  with  two  series  dynamos,  the 
electrical  efficiency  of  transmission,  when  there  is  no  leakage, 
is  the  ratio  of  the  electromotive-forces  developed  in  the 
armatures  of  the  two  machines.  To  do  this  we  will  consider 
separately  the  efficiencies  of  the  three  parts  of  the  system. 
Writing  Ej  for  the  electromotive-force  developed  in  the 
generator,  E2  for  that  of  the  motor,  r^  and  r^  for  their 
respective  internal  resistances,  we  shall  then  have 

Efficiency  of  generator    . .  171  =  -J—^^-.-i-  ; 

E  i  [  ^  i^ 
Efficiency  of  line     . .      . .   172  =  -^^ --^  ' 

jLlt  *-  fit 

E,j 
Efficiency  of  motor . .      . ,  973  = 


"E^i  +  r^t' 


Hence  the  resulting  efficiency  of  the  whole  system  will  be 

E2 
^  =  ^1  X  ^2  X  973  =  g-  • 

« 

If  the  machines  are  shunt-wound  or  compound-wound,  or 
if  there  is  leakage   on    the    line,   the   currents  through   the 
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armatures  will  no  longer  be  alike  in  the  two  machines. 
Writing  the  respective  armature  currents  as  i-^  and  i^^  we  shall 
have  in  this  case,  as  the  electrical  efficiency  of  transmission, 

As  an  example  we  may  refer  to  experiments  ^  made  in  1887  with 
Brown's  direct-current  dynamos  (Plate  IX.),  between  Kriegstetten 
and  Solothum,  through  a  conductor  of  9*23  ohms  resistance.  In 
one  experiment,  the  observed  values  were — E^  1231  "6,  Ej  988*6,  /^ 
14*204, /'s  14"  177.  The  actual  horse-power  measured  at  the  two 
ends  showed  a  nett  mechanical  efficiency  of  74*7  per  cent  In  this 
case  the  nett  efficiency  of  the  generators  was  88  *  8  per  cent.,  that  of  the 
motors  was  88*  i  per  cent,  whilst  the  efficiency  of  the  line  was  95  *  4 
per  cent 

Another  example^  of  transmission  with  direct  currents  is  afforded 
by  the  plant  at  Steyermiihle  (Tyrol),  where  two  of  Brown's  2-pole 
dynamos  with  Gramme  rings  are  used  to  send  about  8  HP.  to  a  dis- 
tance of  600  metres  through  a  double  line  of  copper  wire.  The 
following  are  particulars  of  the  machines.  Generator^  67  amp,  at 
1000  volts  at  terminals,  at  575  revs,  per  min.  Turns  of  wire  on 
armatiure  504,  in  126  sections  of  4  turns  each.  Diam.  of  core  rings, 
70  cm.  Diam.  of  magnet  cores  40  cm.  These  are  series-wound 
with  371  turns  each.  Motor  only  differs  in  having  456  turns  on 
armature  in  114  sections  of  4  turns  each,  and  with  diam.  of  magnet- 
cores  38*1  cm.  Brake  measurements  showed  that  the  generator 
absorbed  98  HP.,  whilst  the  motor  gave  out  79  HP. ;  a  commercial 
efficiency  of  86  per  cent 

A  simple  problem  in  the  electric  transmission  of  power  is  the 
following : — Suppose  that  one  were  desirous  of  working  a  motor,  so 
as  to  do  work  at  the  rate  of  a  specified  number  of  horse-power,  and 
that  the  wire  available  to  bring  the  current  cannot  safely  stand  more 
than  a  certain  current,  without  being  in  danger  of  becoming  heated 
unduly.  It  might  be  desirable  to  know  what  electromotive-force 
such  a  motor  ought  to  be  capable  of  giving  back,  and  what  electro- 
motive-force must  be  applied  at  the  transmitting  end  of  the  wire. 
Let  P  stand  for  the  number  .  of  horse-power  to  be  transmitted, 

and.}' or  the  maximum  strength  of  current  that  the  wire  will  stand 

* 

*'See  H.  F;  Weber,  in  Schweiz.  Bauteitungy  xi.  Nos.  I  and  2,   1888;  and 
Joum.  Soc.  Teifgr,  Engineers,  xvii.  337,  1888. 
'*  EUktrotecknische  Zeitschrifty  xi.  11,  1890. 
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(expressed  in  amperes).  Then  by  the  known  rule  for  the  work  of  a 
current,  since 

746    '^' 

t 

gives  the  condition  as  to  what  electromotive-force  (in  volts)  the 
machine  must  be  capable  of  giving,  when  run  at  the  speed  it  is 
eventually  to  run  at  as  a  motor.  Moreover,  the  primary  electro- 
motive-force, 6,  must  be  such  that 

where  2  R  is  the  sum  of  all  the  resistances  in  the  circuit.     Whence 

S  =  E  +  /2R. 
Which  gives  the  required  primary  electromotive-force. 


Graphic  Methods  applied  to  Motor  Problems. 

Of  the  following  problems,  the  first  two  relate  to  series 
motors,  and  are  due  to  Dr.  £.  Hopkinson  and  to  Mr.  Alexander 
Siemens.^ 

Given  a  system  of  distributing  mains  supplying  electricity  at  a  con- 
stant potential^  S,  //  is  required  to  construct  a  motor  which  w/icn 
working  with  a  given  load  shcUl  make  n  revolutions  per  minute. 

Taking,  in  Fig.  481,  as  usual,  the  currents  as  abscissae,  and  the 
electromotive-forces  as  ordinates,  draw  O  M  to  represent  the  potential 
6  of  the  main  in  volts.  Now,  makers  of  dynamos  know  from  experi- 
ence what  percentage  of  the  electrical  energy  supplied  to  a  machine 
of  the  type  they  make  is  absorbed  in  maintaining  the  magnetic  field. 
Take  a  point  N  in  O  M  such  that  N  M  -7-  O  M  represents  this 
percentage.  Also  it  is  known  what  percentage  of  the  energy  thus 
taken  up  by  the  armature,  and  converted  into  mechanical  work,  is 
wasted  in  friction  at  the  bearings  and  brushes.  Take  the  point  R 
such  that  N  R  -r  O  N  represents  the  percentage  so  wasted.  From 
O  ^  cut  off  O  H  such  that  the  area  O  H  R'  R  represents  the  actual 

*  Journal  of  the  Society  of  Arts ,  April  1883. 
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mechanical  output  of  the  motor  in  watts.  For  example,  if  the  motor 
is  to  realize  i  horse-power,  then  the  area  O  H  R'  R  must  equal  746 
watts.  Then  O  H  represents  the  current  (in  amperes),  and  H  P  is 
the  counter  electromotive-force  which  the  motor  must  exercise.  The 
motor,  then,  must  be  such  that,  running  at  n  revolutions  per  minute, 

Fig.  481. 


its  characteristic  will  pass  through  P.  The  economic  coefficient  will 
obviously  be  equal  to  H  P  -f-  H  M,  and  the  nett  efficiency  to  H  R' 
-f"  H  M'.  The  energy  spent  in  magnetization  is  measured  by  the 
area  N  P  M,'  the  tangent  of  the  angle  P  N  M'  represents  the  resist- 
ance of  the  armature,  and  of  the  magnets  in  the  case  of  a  series 
motor. 

It  is  possible  to  work  out  similar  problems  for  a  shunt-wound 
motor,  and  also  for  the  case  of  a  distribution  with  a  constant  current. 


Given  a  motor  needing  a  certain  current  and  a  certain  electromotive'- 
force  to  enable  it  to  do  its  worky  it  is  required  to  construct  a  suitable 
generator^  the  distance  between  the  machines  being  represented  by  an 
electrical  resistance  of  R  ohms. 

Let  O  P  P'  (Fig.  482)  be  the  characteristic  of  the  motor  running 
at  its  required  speed ;  P  H  being  the  volts,  and  O  H  the  current 
needed  for  it.  Draw  P  N  horizonally ;  and  draw  N  M'  from  N  at 
an  angle  such  that  its  tangent  represents  the  sum  of  the  resistances 
of  the  motor  and  line.  Then  M'  H  represents  the  difference  of  po- 
tential between  the  terminals  of  the  generator.  Then  produce  H  M' 
to  Q  so  that  H  M'  -^  H  Q  shall  represent  the  economic  coefficient  of 
the  machine  of  the  type  that  is  to  be  used  as  generator.  Then  the 
proper  generator  will  be  that  which  when  running  at  the  proper  speed 
will  have  a  characteristic  running  through  O  and  Q ;  and  the  tangent 
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of  the  angle  M'  M  Q  represents  the  resistance  of  the  armature  and 
field-magnet  of  the  generator. 

Another  graphic  method  of  comparing  the  power  and  efficiency 
of  a  motor  has  been  proposed  by  Mr.  Gisbert  Kapp.  The  speeds 
being  taken  as  abscissae,  the  electric  horse-power  absorbed  is  plotted 
out  vertically,  the  number  of  watts  divided  by  746  being  taken  for 


Fig.  482. 


Fig.  i}S3 


Rf./OLUTiONS 


the  ordinates.  Fig.  483  shows  the  result  in  the  curve  A  A,  the  shape 
of  which  will  vary  with  the  type,  a  series-wound  motor  in  this  case. 
A  second  curve  £  B  is  then  plotted,  the  ordinates  in  this  case  being 
the  mechanical  horse-power  observed  at  different  speeds.  In  both 
cases  the  variation  of  speed  is  obtained  by  loading  a  brake  d)mamo> 
meter  with  various  loads.  With  a  great  load  the  speed  is  small,  the 
applied  electromotive-force  very  great  With  no  load,  a  certain 
maximum  speed  O  M  is  obtained  at  which  (owing  to  the  counter 
electromotive-force  developed)  very  little  current  passes.  Between 
these  two  extremes  there  will  be  a  point  by  corresponding  to  a  certain 
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speed  O  ^,  for  which  the  activity  is  a  maximum.  Next  divide  the 
values  of  the  mechanical  work  B,  by  those  of  the  electrical  energy 
spent  E  at  the  corresponding  speed.  These  quotients  will  of  course 
be  the  commercial  efficiency  at  different  speeds.  These  values  are 
plotted  out  to  an  arbitrary  scale  in  the  curye  //,  which  shows  that 
the  maximum  efficiency  is  attained  at  the  speed  corresponding-  to 
the  point  r. 

Graphic  Representation  of  Transmission. 

A  convenient  mode  of  representing  graphically  the  relative 
amounts  of  energy  expended  at  the  transmitting  end  and  utilized  at 
the  receiving  end  is  the  following,  which  is  due  to  von  Hefner 
Alteneck : — 

Let  (Fig.  484)  the  perpendicular  lines  A  Ei  and  B  Ej  represent 
respectively  the  electromotive-forces  at  the  transmitting  and  receiving 

Fig.  4S4. 


machines ;  and  let  the  horizontal  lengths  A  L^,  L^  Lj,  and  Lj  B 
represent  respectively  the  resistances  of  the  machine  at  A,  the  line 
(including  return  wire),  and  of  the  machine  at  B.  Join  Ej  Ej  :  the 
tangent  of  slope  of  this  line  will  represent  the  current  flowing.  From 
A  and  from  B  drop  perpendiculars  upon  this  sloping  line,  and  pro- 
duce them  to  the  points  W^  and  Wj,  level  \^ith  E^  and  Eg.  The 
lengths  of  the  lines  E^  Wj  and  Eg  Wj  will  represent  relatively  the 
energy  transmitted  and  received  For,  by  the  construction  each  is 
proportional  to  the  respective  electromotive-force  and  to  the  slope 
of  El  Ej.  The  energy  lost  in  heat  may,  on  the  same  scale,  be  repre- 
sented by  the  length  of  the  line  E^  H. 

For  a  farther  geometrical  discussion  of  the  problem  of  electric  transmission  of 
power,  see  a  paper  by  Retgnier,  in  La  Lumiire  Eiectrique^  xxiii.  352,  1887. 
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Economy  of  Transmission. 

As  already  shown,  the  economy  of  transmission  depends  on  the 
voltage  at  which  the  power  is  transmitted,  and  on  the  resistance  of 
the  line.  The  question  then  arises  at  what  amount  ought  the  latter 
to  be  fixed  to  make  the  economy  a  maximum.  If  one  saves  heat- 
waste  by  putting  up  a  thick  copper  wire  for  the  line,  the  interest  on 
the  prime  cost  of  the  line  may  more  than  balance  the  saving  in 
power.  An  answer  was  given  in  1881,  by  Sir  William  Thomson,  to 
one  form  of  the  problem,  in  which  it  is  assumed  (i)  that  the  voltage 
is  fixed,  (2)  that  the  power  to  be  transmitted  is  a  fixed  amount  If 
these  are  the  conditions,  then  the  total  annual  cost  of  the  power 
wasted  in  the  resistance  of  the  line  and  of  the  interest  on  the  copper 
(including  insulation  and  erection)  will  be  a  minimum  when  these 
two  annual  items  of  cost  are  equal  to  one  another.  Much  confusion 
has  arisen  from  the  ignorant  application  of  Thomson's  law  to  other 
cases  than  those  for  which  it  is  true.  In  1886,  Professors  Ayrton 
and  Perry  ^  considered  some  other  cases,  and  have  arrived  at  several 
important  conclusions.  If  a  given  amount  of  power  has  to  be  fur- 
nished by  a  motor  at  one  end  of  a  line,  using  a  given  voltage  at  the 
generator  at  the  other  end,  maximum  economy  is  obtained,  not  by 
keeping  the  current-density  constant,  but  by  making  it  less,  as  the 
length  of  line  tcbe  used  is  greater.  The  smaller  the  voltage  that 
may  be  employed  at  the  generator,  the  smaller  must  the  current- 
density  in  the  line  be  to  obtain  the  maximum  efficiency.  More 
recently,  Mr.  Kapp,"  in  his  Cantor  Lectures, .  has  given  a  more 
general  solution,  taking  into  account  the  voltage  and  the  cost  of  the 
machines  as  well  as  that  of  the  line.  It  is  assumed  that  the  annual 
value  of  power  at  the  generating  station  is  known,  as  well  as  the  cost 
of  plant  per  horse-power.  Of  the  data  required  to  be  known,  such 
as  primaiy  horse-power,  total  efficiency,  voltage  at  motor,  annual 
cost  of  power  delivered,  and  working  current,  the  last  mentioned  is 
the  most  important  to  be  calculated,  for  from  it  the  other  matters 
can  then  be  found.     The  following  is  then  Kapp*s  argument : — 

Most  Economical  Current  for  Electric  Power  Transmission. 

D Distance  in  miles. 

a ..   Section  of  conductor  in  square  inches. 

£ Terminal  volts  at  generator. 


'  yournai  Soe,  Telegr,  EngineerSy  xv.  120,  1 886. 
•  Journal  Soc,  Arts^  xxxix.,  July  10,  1891. 
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e Terminal  volts  at  motor. 

HP, Actual  horse-power  required  to  drive  generator.  | 

H  Pm Actual  horse-power  obtained  from  motor. 

i Current  in  amperes. 

Efficiency  of  generator  90  per  cent. ;  efficiency  of  motor  90 

per  cent« 

g Cost  in  ;f  per  electrical  horse-power  output  of  generator. 

m  ..     ..      ..      ..  Cost  in  jf  per  actual  horse-power  output  of  motor  including 

regulating  gear. 
G  =  '9^  H  Py    .,  Cost  in  ^  of  generator. 
M  =  m  H  P«      . .  Cost  \xi£  of  motor  and  r^nlating  gear. 
/  =  i8'2  Da      ..   Weight  in  tons  of  copper  in  line. 

K Cost  in  £^  per  ton  of  copper,  including  labour  in  erection. 

s Cost  in  ^  of  supports  of  line  per  mile  run. 

/ Cost  in  J^  of  one  annual  actual  horse-power  absorbed  by 

generator. 
q Percentage  for  interest  and  depreciation  on  the  whole  planL 

CapiUl  outlay  =^^^g- +  .,  H  p.  +  D,  +  gl4^;iL- =  A. 

A  HP 

Annual  cost  per  brake  horse-power  delivered  =  q  --^jL.p  ~- - . 

HPn         HPm 
670      '  746 

7  =  -J?  H  P«,  the  current  which  would  be  required  if  the  line  had  no 

resistance, 

E  B 
and  ^  =  7*  KD»-4-EB '  ^^^  ^^  ™**^*  economical  current  at  the  given 

voltage  E  is 


r  =  7^i+        A:6i^KD'    _        ) 


For  very  long  distances  the  term  under  the  square  root  approaches  unity  and 
the  most  economical  current  the  value  27 ;  from  which  it  follows  that  under  no 
circumstances  will  it  be  economical  to  lose  more  than  half  the  total  power  in  the 
line. 

A  useful  set  of  tables,  showing  the  cost  of  laying  one  additional 
ton  of  copper,  meaning  thereby  that  part  of  the  capital  outlay  which 
is  proportional  to  current,  was  given  by  Prof.  G.  Forbes  in  his  Cantor 
Lectures*  of  1885  on  the  Distribution  of  Electricity. 

'  Journal  Soc.  ArU^  1885. 
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The  secret  of  economy  in  all  long-distance  transmission  lies,  as 
we  have  seen,  in  the  use  of  high  voltage.  But  it  is  found  in  practice 
that  continuous-current  machines  cannot  advantageously  be  used  at 
such  high  voltages  as  3000  and  4000  volts,  inasmuch  as  the  com- 
mutators will  not  stand  the  strain  on  their  insulation.  Even  putting 
several  machines  in  series,  though  it  lessens  the  voltage  on  each 
dynamo,  does  not  prevent  the  risk  of  break-down  of  insulation. 
Hence  the  superiority  of  alternate-current  apparatus,  which  requires 
no  commutator.  Moreover,  where  voltages  exceeding  10,000  volts 
are  desired,  it  is  found  preferable  to  use  low-voltage  alternators  and 
motors,  and  to  insert  step-up  transformers  at  the  generating  end, 
and  step-down  transformers  at  the  receiving  end  (as  proposed  in 
1 88 1  by  Deprez  and  Carpentier),  since  it  is  much  easier  to  insulate 
thoroughly  the  stationary  windings  of  a  transformer  than  the  parts 
of  any  running  machinery.  The  question  whether  of  alternating 
systems  the  ordinary  two-phase,  or  one  of  the  more  novel  three-  or 
four-phase  systems,  is  to  be  preferred  in  long-distance  transmission  is 
still  an  undecided  matter. 

As  an  example  of  transmission  to  a  moderate  distance  by  con- 
tinuous currents,  we  may  cite  the  plant  at  Schaffhausen,  erected  by 
the  Oerlikon  Works  of  Ziirich,  where  500  actual  horse-power  are 
delivered  to  the  spinning  mills  electrically,  with  a  nett  efficiency  of 
78  per  cent,  from  turbines  in  the  river  750  yards  away,  two  gene- 
rators (six-pole  over-compounded  dynamos  designed  by  C.  E.  L. 
Brown)  being  used,  to  give  each  330  amperes  at  624  volts.  The 
motors,  which  are  of  the  same  type,  are  constructed  with  field- 
magnets,  which  are  relatively  more  powerful  than  those  of  the  gene- 
rators, and  run  without  varying  more  than  3  per  cent  in  speed 
between  no  load  and  full  load.  The  commutators  are  guaranteed 
to  last  for  20,000  hours. 

As  an  example  of  long-distance  transmission  at  an  extra-high 
voltage  may  be  cited  the  experimental  line  erected  in  the  summer  of 
1891,  from  Lauffen  to  Frankfort,  a  distance  of  175  kilometres.  At 
Lauffen  a  special  low-pressure  turbine  was  fixed  in  the  river  Neckar 
to  drive  the  three-phase  alternator,  by  Brown,  described  on  p.  688, 
capable  of  giving  (at  full  power)  three  alternating  currents  of  about 
1400  amperes  each  at  50  volts.  These  currents  were  converted  by 
special  transformers  into  three  smaller  currents  at  either  12,500  or 
25,000  volts.  Three  copper  wires,  each  4  millimetres  in  diameter, 
were  carried  to  Frankfort  on  tall  poles;  about  10,000  porcelain 
insulators  being,  employed,  with  oil-cups  for  high  insulation.  At 
Frankfort  the  currents  were  received  into  step-down  transformei^ 
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and  reconverted  to  the  low-pressure  of  about  60  volts,  to  supply 
either  lamps  or  three-phase  motors.  Tests  ^  were  made  by  a  jury, 
having  Prof.  H.  F.  Weber  as  its  head. 

'  Whilst  these  sheets  are  going  through  the  press,  unofficial  information  comes 
to  hand  about  the  yet  unpublished  tests.  It  appears  that  when  the  high-pressure 
of  30,000  volts  was  used  the  watts  supplied  at  Lauflen  were  80,500,  and  the  watts 
actually  received  and  used  at  Frankfort  were  58,000;  showing  the  gratif)ring 
result  of  an  efficiency  of  72^  per  cent. 
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CHAPTER  XXVII. 

REGULATORS  FOR  DYNAMOS. 

Means  of  governing  the  performance  of  dynamos  are  needed,  not 
only  for  keeping  the  pressure  at  some  constant  number  of  volts  or 
for  keeping  current  at  some  constant  number  of  amperes,  but  also 
for  such  purposes  as  to  enable  the  voltage  of  any  one  djniamo  to 
be  raised  in  order  that  it  may  feed  into  some  distant  point  of  a 
distributing  network. 

The  output  of  a  dynamo  depends  on  three  intrinsic  matters, 
namely,  (/)  speed  «,  («)  number  of  armature  conductors  C,  and  {Hi) 
magnetic  flux  N ;  and  on  two  extrinsic  matters,  namely  {yd)  resistance 
of  the  circuit  and  (z/)  counter  electromotive-forces  in  the  circuit 
It  is  therefore  clear  that  any  one  of  these  five  matters  might  afford  a 
method  of  controlling  the  performance  of  the  machine. 

To  introduce  resistances  into  the  main  circuit  is  always  wasteful, 
and  may  be  dismissed  as  an  uneconomical  method  of  regulation 
suitable  only  for  experimental  purposes.  To  introduce  counter 
■electromotive-forces  into  the  external  circuit  is  usually  impracticable. 
It  remains  therefore  to  consider  the  three  intrinsic  methods. 

Speed  governing  is  clearly  limited  to  those  cases  where  there  is 
a  separate  engine  for  each  dynamo;  and  in  such  cases  a  special 
governor  will  be  required  instead  of  the  usual  centrifugal  engine 
governor. 

To  alter  the  number  of  conductors  in  a  rotating  armature  whilst 
it  is  running  is  absurd.  Their  effective  number  can,  however,  be 
altered  by  the  device  of  shifting  forward  the  brushes  so  that  they 
collect  the  current  not  at  the  point  of  highest  potential,  but  at  some 
other  point  This  method  virtually  uses  some  of  the  armature 
windings,  namely,  those  between  the  neutral  point  and  the  point  to 
which  the  collecting  brush  is  advanced,  to  produce  internal  counter 
•electromotive-forces. 

To  alter  the  magnetic  flux  is  the  almost  universal  mode  of  con- 
trol \  and  it  may  be  accomplished  in  two  entirely  distinct  kinds  of 
way.    Since  the  flux  depends  on  the  excitation  (or  ampere-turns)  and 
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on  the  reluctance  of  the  magnetic  circuit,  it  can  be  varied  by  varying 
either  the  former  or  the  latter.  The  excitation  may  be  altered  in 
various  ways,  {d)  by  hand  with  the  aid  of  rheostats  and  commutators 
in  the  exciting  circuit,  or  ip)  automatically  by  special  governors  in 
substitution  for  the  hand,  or  (i)  by  devices  of  compound  winding. 
The  magnetic  circuit  may  be  varied  in  several  ways,  as  (i)  by  moving 
the  pole-pieces  nearer  to  or  further  from  the  armature,  {i)  by  open- 
ing or  closing  some  other  gap  in  the  magnetic  circuit,  (/)  by  draw- 
ing the  armature  end-ways  from  between  the  pole-pieces,  {£)  by 
shunting  some  of  the  magnetic  lines  away  from  the  armature  by  apply- 
ing a  magnetic  shunt  across  the  limbs.  All  these  magnetic  devices 
have  been  tried,^  but  not  with  much  success  except  in  small  machines. 
Hand-regulators,— ^\i!t%^  consist  of  sets  of  sliding  contacts  to 
enable  the  operator  to  perform  one  of  the  following  operations : — 
(i)  insert  or  remove  resistance  from  the  exciting  circuit  of  a  shunt 
dynamo  (see  Edison's  Regulator,  Fig.  180,  p.  279) ;  (2)  insert  or 
remove  resistances,  shunting  the  magnetizing  coils  of  a  series 
dynamo;  (3)  cut  out  more  or  fewer  exciting ^coils,  these  being 
grouped  in  sections. 

Constant  Pressure  and  Constant  Current  Regulators. 

In  all  automatic  regulators  there  is  a  part  which  has  to  act 
as  the  brain  of  the  instrument,  watching  as  it  were  against  any 
variation,  and  setting  into  action  the  mechanism  which  is  to 
counteract  the  variation.  This  watching  device  is  usually  some 
sort  of  an  electromagnet,  oflen  a  coil  with]  a  movable  plunger. 
When  the  volts  are  to  be  kept  constant  the  coil  of  the  controlling 
device  must  be  wound  as  a  voltmeter  coil,  that  is  of  fine  wire,  of 
high  resistance,  and  connected  as  a  shunt  When  the  amperes 
are  to  be  kept  constant  the  controlling  coil  must  be  wound  like  an 
amperemeter  with  thick  wire,  of  low  resistance,  and  inserted  in  the 
main  circuit  Alternators  are  usually  regulated  by  operating  on  the 
circuit  of  their  exciters,  the  current  in  the  governor  coil  being 
derived  from  the  mains  by  a  small  transformer. 

Gooldctis  Automatic  Regulator. — Automatic  regulators  are  of  two 
species :  in  one  the  work  of  moving  the  regulator  is  accomplished 
mechanically,  the  control  only  being  electrical ;  in  the  other  both 

*  For  an  example  of  (d)  see  Firth's  method  (see  Industries^  ix.  i6i),  in  which 
the  polar  masses  are  drawn  backwards  by  screws ;  and  of  (^)  a  magnetic  shunt 
applied  by  Desroziers,  La  LumUre  Electrique^  xxiv.  394.  Other  magnetic  methods 
have  been  used  by  Goolden  and  Trotter,  Langley,  P.  Miiller,  Lontin,  and  Diehl. 
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Fig.  485. 


Gooluen's  Automatic  Regulator. 
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the  control  and  the  moving  power  are  obtained  electrically. 
Goolden's  regulator,  Fig.  485,  belongs  to  the  former  of  these  classes. 
In  this  instrument  there  is  a  row  of  sliding  contacts  which  are  re- 
spectively connected  to  the  wires  of  a  resistance-frame  or  rheostat  ^ 
shown  in  the  lower  part  of  the  cut.  The  sliding  piece  is  worked  by 
a  vertical  screw,  and  this  is  caused  to  rotate  right  or  left-handedly 
as  may  be  required  under  the  operation  of  a  double  crown-wheel  on 
a  sleeve  on  the  vertical  spindle,  placed  between  two  screws  that  are 
kept  in  rotation  by  a  small  pulley  driven  slowly  from  the  engine. 
The  controlling  part — the  brain  of  the  apparatus — ^is  the  hollow  coil 
of  wire  on  the  right,  with  its  suspended  iron  plunger.  When  the 
current  in  this  coil  is  of  pi^oper  normal  strength  the  plunger  is  drawn 
in  just  so  far  that  the  crown-wheel  is  not  in  gear  either  with  the 
upper  or  the  lower  driving  screw.  If  the  current  in  the  coil  grows 
weak  the  plunger  rises,  causing  the  crown-wheel  to  engage  in  the 
upper  screw,  which  immediately  begins  to  turn  it,  so  moving  the 
sliding-contact  in  such  a  way  as  to  increase  the  excitation  of  the 
d3mamo,  and  bring  back  the  current  in  the  coil  to  its  normal 
strength.  The  wires  A  and  B  from  the  governing  coil  go  to  the 
circuit  that  is  to  be  kept  to  standard  condition,  whilst  the  exciting 
circuit  of  the  dynamo  is  connected  to  C  and  to  the  sUding  piece. 

Fig.  486 


L  L 

Maquaire's  Regulator. 


Maquairis  JR^guiatar  is  an  example  of  the  second  kind,  both 
the  controlling  and  the  moving  mechanisms  being  electrical.     The 

1  On  the  constraction  of  such  rheostats,  choice  of  wires,  and  the  like,  see 
Herrick,  Electrical  Worlds  xv.  240,  1890;  also  Ayrton  and  Mather,  Phys,  Society^ 
1891. 
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governor  G  consists  of  an  electromagnet,  the  armature  of  which  is 
attached  to  a  spring,  and  when  the  current  through  it — in  the 
main  circuit  of  a  set  of  lamps,  L  L  in  Fig.  486 — is  normal,  is  so 
balanced  that  the  tongue  attached  to  it  lies  free  between  two  con- 
tact-screws. The  Ajasxaa  A  has  two  exciting  coils.  One  in  the 
main  or  lamp  circuit:  the  other  is  a  shunt  <^vx\tab e defghi, 
in  which  are  included  the  coils  ^  r  of  a  rheostat  The  contacts  ot 
this  rheostat  are  operated  by  turning  a  shaft  J  J,  having  a  tortuous 
contact-piece  K  K  upon  it.  The  mechanism  which  turns  the  shaft 
J  J  is  a  small  electric  motor,  the  field-magnets  of  which  H  are  in 
the  main  circuit.  By  a  device  explained  on  p.  593,  the  armature 
of  this  motor  can  be  made  to  turn  in  either  direction  by  being 
made  a  shunt  to  either  half  of  the  field-magnet  of  the  motor ;  one 
brush  being  connected  to  the  magnetizing  coils  mid-way  between 
the  two  limbs,  the  other  being  connected  to  the  tongue  of  the 
governor  G.  Hence  if  the  main  current  becomes  too  weak  the 
tongue  rises,  and  making  contact,  causes  the  motor  armature  to 
turn  so  as  to  alter  the  resistance  and  increase  the  excitation  of  the 
dynamo. 

BrusKs  AulomcUk  Regulator. — This  is  a  simpler  example  of  a 
purely  electric  regulator.     A  series   dynamo  is   made  to  yield   a 

F[C.  487. 


^WST^ 


Brush's  Automatic  Regulator. 


constant  current  by  introducing  across  the  field-magnets  a  shunt  of 
variable  resistance,  the  resistance  of  the  shunt  being  adjusted  auto- 
matically by  a  governing  electromagnet  whose  coils  form  part  of  the 
main  circuit    The  system  is  shown  in  the  accompanying  diagram 
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(Fig.  487),  The  dynamo  at  D  pours  its  current  into  the  circuit, 
leaving  the  commutator  (as  drawn)  by  the  upper  brush,  whence  it 
flows  through  the  field-magnets  F  M,  and  round  the  circuit  of 
lamps  L  L,  back  to  the  negative  terminal.  Suppose  now  some  ot 
the  lamps  to  be  extinguished  by  switches  which  short-circuit  them ; 
the  resistance  of  the  circuit  being  thus  diminished  there  will  be  at 
once  a  tendency  for  the  current  to  increase  above  its  normal  value 
unless  the  electromotive-force  of  the  dynamo  is  at  once  correspond- 
ingly reduced.  This  is  done  by  the  solenoid  B  in  the  circuit. 
When  traversed  by  the  normal  current  it  attacts  its  armature  A  with 
a  certain  force  just  sufficient  to  keep  it  in  its  neutral  position.  If 
the  current  increases,  the  armature  is  drawn  upward  and  causes  a 
lever  to  compress  a  column  of  hard  carbon  plates  C,  which  is 
connected  as  a  shunt  to  the  field-magnets.  These  plates  when 
pressed  together  conduct  well,  but  when  the  pressure  is  diminished 
their  imperfect  contact  partially  interrupts  the  shunt-drcuit  and 
increases  its  resistance.  When  A  rises  and  compresses  C,  the 
current  is  diverted  to  a  greater  or  lesser  extent  from  the  field- 
magnets  which  are  thus  under  control.  This  regulator  will  keep 
the  current  constant  even  though  the  speed  of  driving  may  be 
irregular. 

Thomson-Houston  Regulator, — This  was  described  on  p.  471,  and 
operates  by  shifting  the  brushes  so  as  to  bring  counter  electro- 
motive-forcfes  into  play,  and  is  purely  electrical. 

Statteis  Regulator, — This  was  described  on  p.  478,  and  shifts 
the  brushes  by  a  motion  derived  mechanically  fi:om  the  rotation  of 
the  dynamo,  but  electrically  controlled. 

Waterhous^s  Third  Brush  Regulator, — In  this  case  the  exciting 
circuit  on  the  dynamo  receives  and  carries  a  variable  part  of  a 
current  supplying  arc  lamps  in  series  as  in  Fig.  488,  the  other  part 
being  carried  by  a  local  circuit  which,  starting  from  a  third  brush, 
joins  the  lamp  circuit  at  a  certain  point  along  a  resistance  in  the 
circuit  In  Fig.  488  the  positive  brush  is  marked  fl,  and  leads 
through  the  exciting  coils  to  the  resistance  R,  and  there  is  joined 
by  the  local  branch  from  the  third  brush  c.  The  action  depends  on 
the  armature  reaction  altering  the  point  of  highest  potential  at  the 
commutator.  If,  on  cutting  out;  one  or  more  lamps,  the  current  in 
the  armature  were  to  increase,  the  position  of  maximum  potential 
would  be  shifted  from  a  towards  Cy  causing  more  current  to  flow  by 
the  local  branch,  and  less  by  the  exciting  branch,  so  bringing  down 
the  excitation.    A  special  study  of  this  method  of  regulation  has 
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been  made  by  Caldwell,^  who  has  shown  that  it  can  also  be  applied 
to  constant  pressure  regulation. 

Fig.  488. 


Water  house's  Third-brush  Regulator. 

Wood's  Regulator. — In  this  method  also  a  pilot  brush  is  employed, 
but  there  are  two  exciting  circuits  wound  differentially,  and  there 

Fig.  489. 


Wood's  Regulator. 


is  an  electromechanical  device  for  shifting  the  brushes,  attached  to 
the  dynamo,  Fig.  320,  p.  476.      In  the  regulator,  Fig.  489,  the 

^  TIu Electrician^  xxti.  217, 1888 ;  and  remarks  by  Prof.  Nicholls,  /3.,'44i»  1S89. 


Regulators  for  Dynamos.  775 

governor  coil  N  actuates  a  core,  the  motion  of  which  opens  of 
closes  a  by-pass  circuit  of  an  electromagnet  M,  which  moves  the 
rocker  to  which  the  two  brushes  are  attached.  When  all  the  lamps 
are  in  circuit  and  the  dynamo  fully  excited,  the  pilot-brush  C  is 
close  to  B,  so  that  almost  no  current  flows  around  the  demagne- 


Henrion's  Regulator. 

tizing  drcuit  a  a.  If  now  some  lamps  are  cut  out,  momentarily 
increasing  the  current  above  normal  value,  the  governor  core  rises 
and  bre^s  contact  at  e  f,  causing  M  to  shift  the  pilot-bnish  C 
forward,  so  that  the  demagnetizing   current  is  strengthened,    so 
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leducing  the  excitation.  Sparking  at  ^  /  is  minimised  by  the 
resistance  r. 

Hmrion's  Regulator. — Another  electromechanical  regulator  is 
shown  in  Fig.  490.  The  plunger  of  the  governor  A,  on  moving  up 
or  down  from  normal  position,  works  the  mechanism  by  short 
circuiting  one  or  other  of  two  electromagnets  B  and  C,  both  of 
which  are  also  in  the  main  circuit.  Below  them  is  an  oscillating 
lever  pivoted  on  a  pin  carrying  two  ratchet  wheels;  and  lever 
carries  a  double-ended  iron  pawL  If  either  magnet  is  cut  out  by 
the  governor,  the  pawl  drops  over  and  at  once  begins  to  take  up 
teeth  on  one  of  the  ratchet  wheels,  thereby  moving  a  contact  arm 
over  studs  that  communicate  with  the  wires  of  a  rheostat 

Ravenshaw  and  Trotter's  Reguiaior. — This  is  an  interesting 
example  of  the  use  of  a  magnetic  shunt  to  produce  a  constant 
current.  In  the  arrangement  in  question  the  number  of  magnetic 
lines  through  the  armature  core  is  reduced  to  any  desired  degree, 
without  producing  instability,  while  the  field-magnet  is  saturated  to 

Fig.  491. 


Ravenshaw  and  Trotter's  Magnetic  Shcnt. 

its  usual  degree,  by  diverting  the  magnetic  Iraes  out  of  their  usual 
path,  into  a  path  of  lower  magnetic  reluctance.  The  plan  of  em- 
ploying a  movable  keeper  of  iron  was  superseded  by  Trotter's 
suggestion  to  fix  the  keeper  and  to  vary  its  effect  by  surroundmg  it 
with  a  counter-magnetizing  coil.  The  double-circuit  type  of  field- 
magnet  is  suited  for  this  purpose,  one  half  of  the  machine  being 
kept  saturated  as  a  field-magnet  of  constant  power,  whilst  the 
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other  half  acts  a  keeper.  In  Fig.  491  the  acting  field-magnet  is  the 
right-hand  half  M,  with  the  magnetizing  coils  A  and  B ;  the  keeper 
is  the  left-hand  half  K,  with  the  coils  C  and  D.  These  four  coils 
are  connected  up  in  the  usual  way  to  give  consequent  poles  at  the 
pole-pieces,  but  there  is  a  regulating  set  of  resistance  R  arranged 
as  a  shunt  to  the  coils  C  and  D.  When  the  resistance  R  is  small, 
the  coils  C  and  D  scarcely  receive  any  current,  and  consequently 
nearly  the  whole  of  the  magnetic  lines  generated  in  the  magnet 
pass  round  the  keeper  instead  of  through  the  armature.  By  intro- 
ducing resistance  at  R  the  coils  C  and  D  begin  to  excite  a  counter 
magnetism  and  drive  back  some  of  the  lines  out  of  the  keeper  and 
into  the  armature.  The  resistances  at  R  are  arranged  in  a  graduated 
set  provided  with  contact  pieces,  with  which  contact  is  made  by  a 
slider  worked  by  a  governor,  such  as  Fig.  485.  It  was  found 
necessary  ^  to  cut  a  gap  in  the  magnetic  circuit  of  the  keeper  to 
prevent  sluggishness  in  the  descending  magnetizations. 

Sperrys  Regulator. — This  has  a  mechanical  movement  for  shifting 
the  brushes,  operated  from  the  shaft  of  the  dynamo,  but  electrically 
controlled.     It  is  shown  in  Fig.  318,  p.  475. 

M.  Reignier '  has  drawn  attention  to  a  solution  of  the  problem 
of  exact  governing  to  procure  a  constant  current  by  automatically 
varying  the  number  of  coils  through  which  the  current  is  permitted 
to  pass. 

Electric  Governors  for  Steam-engines. 

No  centrifugal  governor  attached  to  the  steam-engine  can  keep 
the  speed  of  the  dynamo  truly  constant ;  for  it  does  not  act  until 
the  speed  has  become  either  a  little  greater  or  a  little  less  than  the 
normal  value.  Few  mechanical  governors  will  keep  the  speed 
within  5  per  cent,  of  its  proper  value,  under  sudden  changes  of  load. 
Hence  the  suggestion  which  underlies  all  electrical  governors,  that 
the  admission  of  steam  from  the  boiler  to  the  engine  should  be  con- 
trolled by  the  electric  current  itself,  the  speed  of  driving  being  varied 
according  to  the  demands  of  the  circuiL  It  is  emphatically  needed 
wherever  the  loads  are  liable  to  sudden  variations,  as  in  the  case  of 
generators  for  electric  railways.  Numerous  suggestions  of  a  more 
or  less  practical  nature  have  been  made  by  Lane-Fox,  Andrews, 
Richardson,  and  others. 

*  See  paper  by  A.  P.  Trotter,  in  Electrician^  xix.  374,  1887.    A  drawing  of  the 
govemor  itself  is  given  in  the  Electrical  Reuiew^  xix.  289,  Sept.  17,  1886. 
'  La  LunUhri  EUcirique^  xxvi.  420,  1887. 
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RUhardsotis   Governor} — This   governor   is  used  to   maiotain 

either  a  constant  current  or  a  constant  potential     In  the  former 

case  its  coils  aie  included  in  the  main   circuit  and  are  of  thick 

wire :  in  the  latter  they  ate  arranged  as  a  shunt  to  the  mains  and 

are  of  fine  wire.    The  arrangements  are 

Fio.  493.  shown  in  Fig.  491. 

The  valve  which  admits'  steam  to  the 
engine  is  a  double-beat  equilibrium  valve 
E ;  its  stalk  passes  upwards  and  is  acted 
upon  by  a  plunger  P,  which  is  pressed 
down  by  the  shorter  end  of  a  lever  L. 
which  is  in  turn  connected  with  a  long 
vertical  spindle  having  a  weight  C  at  its 
i  lower  end,  and  at  its  upper  end  carrying 

the  iron  core  B,  surrounded  by  the  solenoid 
A,     A  spring  S  counterpoises  the  slight 
upward  pressure  of  the  steam  on  the  valve. 
When  the    current    passes   through    the 
solenoid  A,  it  lifts  the  core  B  to  a  cer- 
tain   height  and  admits   to    the   engine 
a  sufficient  quantity  of  steam  to  drive  the 
engine  at  the  speed  requisite  to  maintain 
the  current.     Should  the  resistance  of  the 
circuit  be  increased  by  the  introduction  of 
additional  lamps,  the  core  B  wilt  fall  a 
little,  thereby  turning  on  more  steam,  until 
the  speed   has  risen   to  that  now  neces- 
sary.     For   additional   safety  a   separate 
electromagnet  a  is  added,  which,  when 
in  action,  holds  up  the  heavy  iron  block  b.     Should  the  circuit 
from  any  cause  be  broken,   die  block  b  instantly  descends  and 
cuts  off  the  steam.      In  some  experiments  made  at  Lincoln   in 
r883,    in   the  author's   presence,   on    a   Brush    i6-l!ght   machine 
fitted  with  a  Richardson's  governor,  the  following  results  were  at- 
tained:— Seventeen    arc    lamps    being    alight,    six  were    suddenly 
switched  off:  in  four  seconds  the  speed  of  the  engine  came  down 
from  138  to  107,  and  the  current  which  was  lo-  3  amperes  had  re- 
turned to  exactly  the  same  value.    Seventeen  lamps  being  again 
alight,  the  whole  were  short-circuited,  leaving  the  current  nmnlng 
only  through  the  governor  and  the  field-maghets  of  the  dynainow 
The  engine  pulled  up  in  less  than  one   stroke,  and  in  fourteen 
■  See  Specification  of  Pateat,  No.  aSS  of  iSSi. 
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seconds  the  speed  had  come  down  to  24,  the  engine  just  crawling 
round  at  a  speed  sufficient  to  keep  the  magnets  charged.  In  another 
experiment  the  circuit  of  the  whole  seventeen  lamps  was  suddenly 
broken,  the  engine  running  at  140.  In  fifty-five  seconds  it  had 
stopped,  the  steam  having  been  cut  off  in  less  than  a  quarter  of  a 
second.  No  centrifugal  governor  could  have  so  instantaneously  shut 
off  steam :  it  would  not  have  acted  until  the  engine  began  to  race. 
With  the  electric  governor  the  steam  was  cut  off  before  racing  could 
even  begin.  At  all  speeds  from  25  up  to  146  revolutions  per  minute, 
and  with  any  number  of  lamps  from  none  to  seventeen  alight,  the 
current  was  practically  kept  at  a  constant  value  in  a  most  efficient 
manner.  Another  of  these  governors  connected  with  an  incandescent- 
light  system  working  at  92  volts  was  found  to  keep  the  potential 
correctly  to  within  i  per  cent,  even  though  the  number  of  lamps 
was  varied  from  91  to  31,  and  the  boiler-pressure  from  32  to  55  lbs. 
per  square  inch.  It  also  maintained  an  absolutely  constant  potential 
when  but  one  lamp  was  alight,  though  the  boiler-pressure  was 
purposely  varied  from  31  to  SS  ^^s.  per  square  inch. 

Willan£  Governor}  —  This  instrument  has  been  applied  with 
great  success  at  Victoria  Station  and  elsewhere.  In  common  with 
Richardson's  governor,  it  employs  the  attraction  exerted  by  a  solenoid 
on  an  iron  core  to  actuate  an  equilibrium  valve ;  but  the  action  is 
indirect,  the  solenoid  core  operating  on  the  small  valve  which  con- 
trols a  hydraulic  piston,  the  latter  in  turn  controlling  the  large  steam 
valve.  The  arrangement  is  shown  in  Fig.  493,  where  T  is  the 
large  piston  throttle-valve.  The  throttle-valve  spindle  passes  down- 
wards and  is  connected  direct  to  the  piston  of  the  hydraulic  relay. 
The  solenoid  A  attracts  its  core  B  suspended  on  a  spring.  The 
position  of  B  determines  that  of  the  lever  X,  which  is  connected  at 
one  point  to  the  spindle  of  the  throttle-valve  and  at  another  to  that 
of  the  small  controlling  valve.  If  the  potential  at  the  mains  falls, 
less  current  flows  round  A,  in  consequence  B  rises,  and  its  projecting 
ear-piece  raises  the  lever  X,  admitting  more  water  above  the  con- 
trolling piston,  which  consequently  sinks,  drawing  down  the  throttle- 
valve  with  great  power  and  admitting  more  steam  to  the  driving 
engine.  A  comparatively  small  solenoid,  actuated  by  but  0*3 
ampere  of  current  and  absorbing  only  about  32  watts  of  power,  may 
thus  bring  a  force  of  many  pounds  to  bear  upon  the  steam  valve, 
and  will  control  with  ease  a  60  horse-power  engine. 

*  See  Specifications  of  Patent  Nos.  1184,  5291,  and  5945  of  1883  ;  also  paper 
by  P.  W.  Willans  in  Froc.  Inst.  Civil  Engineers^  Ixxxi.  pt.  iii.  1884-5. 
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WiLLANS'  Governor. 

Jamiesoiis  Govimor. — Tliis  consists  of  a  copper  disk  revolving 
between  the  poles  of  a  small  electromagnet  in  the  circuit,  and 
actuating  a  throttle- valve  by  means  of  a  spring  and  a  cone  gearing. 
It  was  figured  in  the  earlier  editions  of  this  work. 

One  great  advantage  of  the  electric  governor  is  that  it  cuts 
down  the  consumption  of  steam  to  the  actual  demands  made  upon 
the  electric  circuit,  and  prevents  injury  both  to  the  dynamo  and  to 
the  steam-engine. 

DynamomeirU  Governing,  —  Another  method  of  governing 
dynamos  is  too  important  to  be  omitted.     The  power  transmitted 
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along  the  shaft  is  the  product  of  two  factors,  speed  and  torque. 
If  CD  stands  for  the  angular  velocity  and  T  for  the  torque,  then 

CD  T  s=  mechanical  power  in  the  armature. 

But  the  activity,  or  work  per  second,  or  power,  of  a  d)mamo 
can  be  measured  electrically,  by  the  product  of  its  electromotive- 
force  into  the  current  it  drives  through  the  circuit  If  £  stands  for 
the  electromotive-force,  and  i  for  the  current,  then 

£  1  =  electric  power  (gross)  in  the  armature. 

In  a  good  dynamo  the  electric  power,  though  not  equal  to  the 
mechanical  power,  will  exceed  95  per  cent  of  it  Now  we  know 
that,  other  things  being  equal,  the  electromotive-force  E  of  a 
dynamo  is  proportional  to  speed  of  driving.  It  follows  at  once 
that  the  torque  will  be  proportional  to  the  current  i.  This  at  once 
suggests  that  a  dynamo  may  be  driven  so  as  to  give  a  constant 
current,  provided  it  be  driven,  from  a  steam-engine  governed  «^/^ 
a  centrifugal  governor  to  maintain  a  constant  sfeed,  but  by  a  dynamo- 
metric  governor  to  maintain  a  constant  torque  or  turning  moment. 
Some  good  transmission  dynamometer,  such  as  that  of  Morin,  or 
one  of  the  later  varieties,  such  as  those  designed  by  Ayrton  and 
Perry,  or  best  of  all  that  designed  by  the  Rev.  F.  J.  Smith,^  may  be 
adapted  to  work  an  equilibrium  valve,  and  would  fulfil  the  above 
condition  of  governing. 

Prof.  K  Thomson  has  suggested  the  use  of  a  dynamometric 
apparatus  to  govern  a  constant-current  dynamo  by  the  method  of 
shifting  the  brushes.  A  description  of  this  governor  was  given  in 
the  second  edition  of  this  work. 

Governing  by  Steam-Pressure,  —  It  was  remarked  above  that 
electric  power  and  mechanical  power  are  each  a  product  of  two 
factors.  But  in  an  ordinary  steam-engine  the  work  per  second 
also  consists  of  two  factors,  viz.,  speed  of  piston  and  steam-pressure ; 
and  the  angular  velocity  of  the  shaft  is  proportional  to  the  former, 
and  its  transmitted  torque  to  the  latter.  Therefore  the  condition 
of  maintaining  a  constant  current  ought  to  be  fulfilled  if  the  pressure 
is  always  constant.  If  the  valves  are  such  as  to  admit  a  fixed 
quantity  of  steam  at  each  stroke,  and  if  the  boiler  pressure  is  really 
kept  up,  then  the  average  pressure  behind  the  piston  ought  to  be 
constant     In  practice  this   is  never  attained  on  account  of  the 

*  See  his  excellent  little  book  on  IVork'mMsuring  Machines^  published  by 
Messrs.  £.  and  F.  N.  Spon. 
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friction  of  the  steam  against  the  steam-pipes  and  port-holes  of  the 
valves.    The  internal  friction  in  the  engine  plays  the  same  part  in 
preventing    absolutely  true    self-regulation^  as    does    the    internal 
electrical  resistance  in  the  dynamo.     An  approximation  is  all  that 
is  possible.^    In  an  experiment  made  by  M.  Pollard  with  a  Gramme 
dynamo,  the  current  gave  deflections  on  a  galvanometer,  varying 
only  from  59°  to  54%  while  additional  resistances  were  introduced 
into  the  circuit,  which  caused  the  speed  to  run  up  from  436  to  726 
revolutions  per  minute.    Theoretically,  therefore,  a  constant  current 
ought  to  be  one  of  the  easiest  things  to  maintain  with  a  series 
d3niamo.      Have  adequate  boilers,  keep  the  steam-pressure  always 
at  one  point,  abandon  all  governors,  and  admit  equal  quantities  of 
steam  at  each  stroke  whatever  the  speed ;  the  result  ought  to  be  a 
constant  current.     The  condition  of  maintaining  a  constant  potential 
cannot  be  similarly  solved,  except  by  employing  a  shunt  dynamo 
Under  conditions  that   are  both  uneconomical   and  impracticable. 
But  in  the  case  of  constant-current  work  it  is  possible  to  go  further 
toward  realizing  such  results.     The  existing  method  of  maintaining 
a  constant  steam-pressure  is  to  put  upon  the  boiler  a  pressure-gauge 
which  indicates  to  the  stoker  when  he  is  to  add  more  fuel  and  when 
to  damp  down  the  fire.    Let  the  pressure-gauge  be  abandoned,  and 
instead,  let  there  be  provided  at  the  side  of  the  furnace  an  ampere- 
meter, and  let  the  stoker  feed  or  damp  his  furnace  fires  according 
to  the  requirements  of  the  electric  system  of  distribution.     Is  there 
any  valid  reason  why  such  a  method  of  government  should  not  be 
efficient  in  practice,  at  least  in  the  case  of  the  series  dynamo  for 
constant  currents  ? 

Finally,  to  render  the  system  truly  automatic,  it  is  conceivable 
that  mechanical  stoking  appliances  might  be  arranged,  under  the 
control  of  the  amperemeter  or  voltmeter,  to  supply  the  fuel  in  pro- 
portion to  the  number  of  lamps  alight. 

*  See  Edmunds  in  youmal  Soc,  TeUgr,  Engineers^  xvii.  697,  1888 ;  also  The 
Eleciriciany  xxii.  349,  422,  1889. 
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CHAPTER  XXVIII. 

TESTING  DYNAMOS  AND  MOTORS. 

Tests  to  be  applied  to  dynamos  are  of  two  kinds,  viz.  those 
which  relate  to  the  design  and  construction  of  the  machines, 
and  those  which  relate  to  their  performance.  Under  the 
former  are  included  tests  of  the  resistance  of  the  various  coils 
and  connexions,  and  of  the  insulation  of  the  working  parts. 
Under  the  latter  are  comprised  the  tests  of  efficiency  under 
various  loads,  and  of  output  at  different  speeds  and  conditions 
of  working. 

Testing  Construction, — The  resistance  of  the  various  parts 
of  the  armature  coils,  of  the  field-magnet  coils,  and  of  the 
various  connexions,  may  be  tested  in  the  ordinary  manner, 
by  means  of  a  Wheatstone's  bridge,  or  by  one  of  the  recog- 
nized galvanometer  methods.  The  only  point  of  difficulty 
lies  in  measuring  such  small  resistances  as  those  of  armatures 
and  of  series  coils,  which  are  often  very  small  fractions  of  an 
ohm.  In  this  case  probably  the  best  method  of  proceeding  is 
the  following.  By  means  of  a  few  cells  of  accumulators  send 
a  strong  current  through  the  coil  or  armature  whose  resistance 
is  to  be  measured,  interposing  in  the  circuit  an  amperemeter. 
While  this  current  is  passing,  measure,  by  means  of  a  sensitive 
voltmeter,  the  fall  of  potential  between  the  two  ends  of  the 
coil.  By  Ohm's  law,  the  number  of  volts  of  fall  of  potential 
divided  by  the  number  of  amperes  of  current  will  give  the 
resistance  in  ohms.  Additional  accuracy  may  be  secured  by 
connecting  in  the  circuit  a  strip  of  stout  German  silver,  as 
recommended  by  Lord  Rayleigh,  of  known  resistance,  and 
comparing  the  fall  of  potential  between  the  two  ends  of  the 
strip  with  the  fall  of  potential  in  the  coil.  The  ratio  of  the 
two  falls  of  potential  will  equal  the  ratio  of  the  resistances. 


784  Dynamo-Electric  Machinery. 

It  ought  on  no  account  to  be  forgotten  that  the  internal 
resistance  of  a  dynamo  when  warm  after  working  for  a  few 
hours  is  considerably  higher  than  when  it  is  cold.  Tests  of 
resistance  ought  therefore  to  be  made  both  before  and  after 
the  dynamo  has  been  running.  The  perfection  of  the  mag- 
netic circuit  may  be  tested  in  two  ways.  If  the  design  or 
construction  of  the  magnetic  circuit  is  such  as  to  give  rise 
to  magnetic  leakage,  it  is  desirable  to  ascertain  the  proportion 
of  leakage.  The  actual  amount  of  magnetic  leakage  may  be 
measured  by  placing  exploring  coils  over  different  parts  of  the 
magnetic  circuit  in  the  manner  used  by  J.  and  E.  Hopkinson. 
They  passed  a  single  convolution  of  wire  around  the  magnet- 
frame  at  different  points,  and  joined  it  to  a  suitable  galvano- 
meter. The  throw  imparted  to  the  galvanometer  when  the 
current  in  the  magnetizing  coil  was  suddenly  turned  off  or  on, 
is  a  measure  of  the  number  of  magnetic  lines  enclosed  by  the 
exploring  coil.  The  other  way  of  examining  the  perfection 
of  the  magnetic  circuit  is  to  join  up  a  known  suitable  resist- 
ance to  the  terminals  of  the  machine,  and  then  to  run  it  at  a 
slow  speed,  gradually  increasing  the  number  of  revolutions 
until  it  excites  itself.  (The  method  is  of  course  inapplicable 
to  many  alternate-current  machines.)  The  least  speed  of  self- 
excitation  is,  ccBteris  paribus ^  a  measure  of  the  goodness  of  the 
magnetic  circuit 

Testing  Insulation-Resistance, — It  was  formerly  the  fashion 
to  test  the  insulation-resistance  between  the  coils  of  a  dynamo 
and  its  metal  cores  or  frame  by  using  a  Wheatstone's  bridge 
and  a  couple  of  small  cells.  The  results  were  supposed  to  be 
good  if  the  test  came  out  at  a  million  ohms  or  more.  All 
such  tests  are  fallacious,  as  they  afford  not  the  slightest 
evidence  as  to  whether  the  insulation  is  likely  to  break  down 
under  the  working  electric  pressures.  It  must  not  be  for- 
gotten that  the  electric  tension  or  stress  to  which  the  dielectric 
is  subjected,  tending  to  pierce  it,  varies  as  the  square  of  the 
volts.  The  only  rational  mode  of  testing  the  insulation  is  to 
apply  a  high  voltage — say  from  2000  to  4000  volts — and  see 
whether  the  insulation  resists  being  pierced.  The  most  con- 
venient way  of  applying  the  test  is  to  use  a  small  alternate- 
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current  transformer,  giving  the  requisite  voltage.  All  dynamos, 
motors,  and  transformers  intended  for  high  voltage  work 
should  be  tested  at  double  the  volts  which  they  are  intended 
to  work  at.  All  tests  should  be  made  when  the  apparatus  is 
warm  after  having  been  used. 

Testing  Performance  and  Efficiency. — The  testing  of  the 
efficiency  and  working  capacity  of  a  dynamo,  whether  work- 
ing as  generator  or  as  motor,  is  a  more  serious  matter,  and 
involves  both  electrical  and  dynamometrical  measurements. 

In  the  case  of  the  dynamo-generating  currents,  measure- 
ments must  be  made  {a)  of  the  horse-power  expended,  and 
(J))  of  the  energy  of  the  electric  currents  realized. 

In  the  case  of  the  motor  doing  work,  measurements  must 
be  made  (d)  of  the  electric  energy  consumed,  and  (b)  of  the 
mechanical  horse-power  realized. 

Measurement  of  Horse-power, — ^There  are  foiir  general 
methods  of  measuring  mechanical  power  : — 

(a.)  Indicator  Method. — By  taking  an  indicator  diagram 
from  the  steam-engine  which  supplies  the  power. 

(^.)  Brake  MetJiod. — By  absorbing  the  power  delivered  by 
the  machine,  at  a  friction  brake  such  as  that  of  Prony,,  Poncelet, 
Appold,  Raflfard,  or  Froude. 

(^r.)  Dyamometer  Method. — By  measuring  in  a  transmission 
dynamometer  or  ergometer,  such  as  that  of  Morin,  von 
Hefner-Alteneck,  Ayrton  and  Perry,  or  of  F.  J.  Smith,  the 
actual  mechanical  power  of  the  shaft  or  belt 

{d^  Balance  Method. — By  balancing  the  dynamo  or  motor 
on  its  own  pivots  and  making  it  into  its  own  ergometer. 

To  these  must  now  be  added  a  fifth  method,  namely  : — 

(^.)  Electrical  Method. — By  making  the  motor  drive  the 
dynamo  which  supplies  it,  measuring  electrically  the  work 
given  out  in  the  one,  or  absorbed  by  the  other,  and  then 
measuring,  either  mechanically  or  electrically,  the  difference. 

(a.)  Indicator  MetJiod. — The  operation  of  taking  an  indicator 
diagram  of  the  work  of  a  steam-engine  is  too  well  known  to  engineers 
to  need  more  than  a  passing  reference.  This  method  is,  however, 
not  always  applicable,  for  in  many  cases  the  steam-engine  has  to 
drive  other  machinery,  and  heavy  shafting  for  other  machinery.     In 
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such  cases  the  only  remedy  is  to  take  two  sets  of  indicator  diagraxns, 
one  when  the  dynamo  is  at  work,  the  other  when  the  dynamo  is 
thrown  out  of  gear,  the  difference  being  assumed  to  represent  the 
horse-power  absorbed  by  the  dynamo. 

{b,)  Brake  Method, — The  friction-brake  of  Prony  is  well  known 
to  engineers,  but  the  same  can  hardly  be  said  of  the  more  recent 
forms  of  friction  dynamometers.     Various  improvements  have  been 
introduced  in  detail  from  time  to  time  by  Poncelet,  Appold,  and 
Deprez.     In  Prony's  method  the  work  is  measured  by  clamping  a 
pair  of  wooden  jaws  round  a  pulley  on  the  shaft ;  the  torque  on  the 
jaws  being  measured  directly  by  hanging  weights  on  a  projecting  arm 
with  a  sufficient  moment  to  prevent  rotation.     If  /  is  the  weight 
which  at  a  distance  /  from  the  centre  balances  the  tendency  to  turn, 
then  the  friction-force/ multipHed  by  the  radius  r  of  the  pulley  will 
equal/  multiplied  by  /. 

This  may  be  written. 

Torque  =:fr=^pL 


From  which  it  follows  tliat 


r 


If  n  be  the  number  of  revolutions  per  second,  then  2  ?r  fi  is  the 
number  of  radians  per  second,  or  in  other  words,  the  angular  velocity 
for  which  we  use  the  symbol  w,  and  2  irnr  is  the  linear  velocity  v  at 
the  circumference.  Now  the  work  per  second,  or  power,  is  the 
product  of  the  force  at  the  circumference  into  the  velocity  at  the 
circumference,  or 

w  =  fv  =  •^--  .  2  TT «  r  =  2iTnpL 

is  measured  in  pounds  weight,  and  /  in  feet,  then,  remembering 
550  foot-pounds  per  second  go  to  one  horse-power,  we  have 


If/ 
that  550 


Horse-power  absorbed  = — ; 

550 


or,  if/  is  expressed  in  grammes  weight,  and  /  in  centimetres,  it 
must  be  divided  by  7  '6  x  10^  to  bring  it  to  horse-power. 

The  later  improvements  imported  into  the  Prony  brake  are  of 
great  importance.  Poncelet  added  a  rigid  rod  at  hght  angles  to  the 
lever,  and  attached  the  weights  at  the  lower  end.  Appold  substituted 
for  the  wooden  jaws  a  steel  strap,  giving  a  more  equable  friction,  and 
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therefore  having  less  tendency  to  vibration.  Raffard^  substituted  a 
belt  differing  in  breadth,  and  therefore  offering  a  variable  coefficient 
of  friction,  according  to  the  amount  wrapped  round  the  pulley. 
Further  modifications  of  this  kind  of  brake  dynamometer  have  been 
made  by  Professor  James  Thomson,  Professor  Unwin,  M.  Carpentier, 
and  by  Professors  Ayrton  and  Perry.  The  friction  of  a  turbine 
wheel  was  also  applied  as  a  dynamometer  brake  by  the  late 
W.  Froude. 

As  all  these  brake  dynamometers  measure  the  work  by  destroying 
it,  it  will  be  seen  that  though  they  are  admirably  adapted  to  measure 
the  work  furnished  by  a  motor,  they  cannot,  except  indirectly,  be 
applied  to  measure  the  work  supplied  to  a  dynamo.  Some  experi- 
ence in  working  with  these  machines  is  essential  if  reliable  results 
are  to  be  obtained ;  but  with  the  more  modem  forms  of  instrument, 
such  as  those  of  Poncelet  and  Raffard,  the  results  are  very  good. 
The  great  secret  of  success  is  to  keep  the  friction  surfaces  well 
lubricated  with  an  abundant  supply  of  soap  and  water. 

{c.)  Dynamometer  Method.  —The  Prony  brake  was  styled  above  a 
brake  dynamometer ;  but  the  true  dynamometer  for  measuring  trans- 
mitted power  does  not  destroy  the  power  which  it  measures.  Trans- 
mission d3mamometers  may  be  divided  into  two  closely  allied 
categories :  those  which  measure  the  power  transmitted  along  a  belt, 
and  those  which  measure  power  transmitted  by  a  shafL 

In  the  case  of  transmitting  power  by  a  belt,  the  actual  force 
which  drives  is  the  difference  between  the  pull  in  the  two  parts  of 
the  belt  If  F'  is  the  pull  in  the  slack  part  of  the  belt  before  reaching 
the  driven  pulley,  and  F  the  pull  in  the  tight  part  of  the  belt  after 
leaving  the  driven  pulley,  then  F  —  F'  represents  the  nett  pull  at  the 
circumference,  and  (F  —  F')  x  ^^  is  the  torque  T.  Then  if  «  is  the 
number  of  revolutions /er  second^  the  angular  velocity  o  will  be  equal 
to  2  rrn.     This  gives  us  as  the  work  per  second,  or  power, 

Of  =  a)T  =fv  =  2ir«r(F  —  F). 

As  before,  if  F  is  expressed  in  pounds  weight  and  r  in  feet,  the 
expression  must  be  divided  by  550  to  bring  to  horse-power :  or  must 
be  divided*  by  7  •  6  x  10®  if  the  quantities  are  expressed  in  grammes 
weight  and  centimetres. 

^  For  further  accounts  of  these  instruments  the  reader  is  referred  to  Weisbach's 
Mechanics  of  Engineering ;  Spons'  Dictionary  of  Engineering,  Article  "  Dynamo- 
meter'* ;  Smith's  Work'tneasuring  Machines;  a  series  of  articles  in  the  Electrician^ 
1S83-4,  by  Mr.  Gisbert  Kapp ;  Proc,  Jnst,\Mech.  Eng.,  1877,  p.  237  (Mr.  Froude) ; 
J^ep,  £rit.  Assoc,,  1883  (Prof.  Unwin) ;  Joum,  Soc.  TeUgr.-Eng.  and  Electr,, 
xlix.,  vol.  xii.  346  (Prolis.  Ayrton  and  Perry).  , 
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A  dynamometer  which  can  be  applied  to  a  driving  belt,  and 
actually  measures  the  difference  F  —  F'  in  the  tight  and  slack  parts 
of  the  belt,  has  been  designed  by  von  Hefner-Alteneck,  and  is 
commonly  known  as  Siemens'  dynamometer.^  Other  forms  have 
been  devised  by  Sir  F.  J.  Bramwell,  W.  P.  Tatham,»  W.  Froude, 
T.  A,  Edison,  and  others.  Nearly  all  of  these  instruments  introduce 
additional  pulleys  into  the  transmitting  system,  causing  additional 
friction. 

Much  more  satisfactory  are  those  transmission  dynamometers 
which  measure  the  power  transmitted  by  a  shaft  In  nearly  all 
instruments  of  this  class  there  is  a  fixed  pulley  keyed  to  the  shaft, 
and  beside  it  a  loose  pulley  connected  with  it  by  some  kind  of  spring 
arrangement,  so  set  that  the  elongation  or  bending  of  the  spring 
measures  the  angular  advance  of  the  one  pulley  relatively  to  the 
other ;  this  angular  advice  is  proportional  to  the  transmitted  torque. 
To  this  class  of  instrument  belongs  the  well-known  dynamometer  of 
Morin,  in  which  the  displacement  of  the  loose  pulley  is  resisted  by  a 
straight  bar  spring,  the  centre  of  which  is  attached  to  the  driving 
shaft.  Modifications  of  the  Morin  instrument  have  been  devised  by 
Easton  and  Anderson,  Heinrichs,^  Ayrton  and  Perry,*  Murray,*  and 
the  Rev.  F.  J.  Smith,  of  the  Millard  Engineering  Laboratory,  Oxford. 
Of  the  last-named  instrument,  a  full  description  and  cut  were  given 
in  the  former  editions  of  this  book. 

{(I.)  Balance  Method, — ^The  following  method  was  devised  by 
Mr.  Smith  when  testing  some  small  Trouvd  motors  at  the  Paris 
Exposition  of  1881.  With  small  motors  there  arises  the  difficulty 
that  the  ordinary  means  of  measuring  the  work  they  perform  intro- 
duce relatively  large  amounts  of  extraneous  friction.  The  motor  to 
be  tested  is  placed  with  its  armature  spindle  between  centres,  or  on 
friction  wheels,  and  the  weight  of  the  field-magnets  and  frame  is  very 
carefully  balanced  with  counterpoise  weights.  In  Fig.  494,  B  D 
represents  the  field-magnets  and  frame  of  the  motor  duly  counter- 
poised, and  E  is  the  armature.  When  the  current  is  turned  on,  the 
armature  tends  to  rotate  in  one  direction,  and  the  field-magnets  in 
the  other ;  the  angular  reaction  being  of  course  equal  to  the  angular 

^  One  form  of  the  Siemens  d3mamometer  is  described  by  Hopkinson,  Proc. 
Inst,  Mech,  Eng.y  1879.  A  more  modem  form  is  described  by  Schroier, 
Bayerisches  Industrie-  und  GewerbdflcUt^  1883. 

■  Journ,  FtankUn  Institute ^  Nov.  1886. 

'  See  Engineerings  May  2,  1884,  and  Electrical  Review,  April  26,  1884,  for 
an  excellent  account  of  a  series  of  tests  carried  out  with  great  care  and  abifity 
for  Mr  Henrichs,  by  Messrs.  Alabaster,  Gatehouse  and  Co. 

J  mm,  Soc,  Telegr,'Eng,  and  Electr,^  xii.  163,  1883.        *  Ibid,^  zviiL  1S89 
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action.  If  the  reaction  which  tends  to  drive  the  field-magnets  round, 
be  balanced  by  applying  a  force  P  (for  example  that  of  a  spring 
balance)  at  the  point  C  of  the  frame  A  B  C  D,  then  the  moment  of 
this  force  P  d  measures  the  torque,  exacdy  as  in  the  Prony  brake. 
Hence  it  will  be  seen  that  the  motor  has  become  its  own  dynamo- 
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meter,  the  magnetic  friction  between  the  armature  and  the  field 
magnet  being  substituted  for  the  mechanical  friction  between  the 
pulley  and  the  jaws.  A  modification  of  the  balance  method,  due  to 
Herman  Miiller,  consists  in  swinging  the  dynamo  in  a  cradle,' 
pendulum  fashion,  from  the  driving  shaft,  and  estimating  the  power 
absorbed  by  the  displacement  from  the  vertical  line. 

M.  Marcel  Deprez  and  Professor  C.  F.  Brackett  have  proposed 
to  apply  the  balance  method  to  dynamos  in  action.  Professor 
Brackett  places  the  d3mamo  in  a  sort  of  cradle,  balanced  on  centres 
that  lie  in  the  axis  of  rotation,  and  measures  the  angular  reaction- 
force  or  torque  between  the  armature  and  field-magnets,  and  multi- 
plying this  by  the  angular  velocity  2  ir «,  obtains  the  value  of  the 
power  transmitted  to  the  armature. 

All  these  several  dynamometric  methods  necessitate  the  use  of  a 
speed  indicator  to  count  the  number  of  revolutions  «,  which  enters 
as  a  factor  into  the  calculation  of  horse-power.  Too  great  care  can- 
not be  taken,  especially  in  testing  small  machines,  that  no  un- 
necessary friction  be  thereby  introduced,  A  flexible  connexion, 
such  as  a  piece  of  dentist's  spring,  between  the  axle  of  the  machine 
and  the  axle  of  the  counter  appears  to  be  desirable.  The  number 
of  revolutions  per  second  n  being  known,  the  angular  velocity 
<tf  =  2  IT «  can  be  calculated.  This  only  requires  to  be  multiplied 
by  the  torque  T  =  F  r  to  give  the  power  or  work-per-second  w. 
And  if  T  is  expressed  in  pound-feet,  then, 

__  2  TT «  F  r      CO  T 

Horse-power  = 


550 


550 
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-     (^.)  Electrical  Methods, — There  are  several  varieties  of  this 
modern  method  of  testing,  and  they  involve  the  use  of  two, 
or  in   some  cases  three  machines.     J.  and   E.  Hopkinson* 
propose  to  use  two  similar  machines,  one  as  generator,  the 
other  as   motor,   connected   together  both  electrically  and 
mechanically.    The  power  given  out  by  the  former  machine, 
and  that  absorbed  by  the  latter,  are  measured  electrically. 
The  motor  is  made  to  use  its   mechanical  power  to  aid  in 
driving  the  generator,  and  the  small  additional  power  required 
to  drive  the  generator  (supplied  by  a  steam-engine)  is  measured 
mechanically    by    a    dynamometer.     Modifications    of   this 
method  for  the  purpose  of  obviating  all  mechanical  measure- 
ments have  been   suggested    by   Lord    Rayleigh,*  Captain 
Cardew,'  whose  method  dates  from   1885,  M.  Menges,*  Mr. 
Ravenshaw,*  Mr.  Swinburne,  and  Mr.  Kapp.* 

All  these  methods  are  far  more  accurate  than  the  rough 
mechanical  methods  of  earlier  date,  and  each  has  its  ad- 
vantages, but  Hopkinson's  method  requires  two  similar 
machines,  and  Cardew's  requires  three  machines,  one  of  which 
must  be  powerful  enough  to  run  the  other  two.  In  Swinburne's 
method  the  loss  of  power  due  to  resistance  of  conductors  is 
calculated,  and  this  deducted  from  the  whole  loss  of  power  in 
the  machine  gives  the  "  stray  power "  made  up  of  losses  due 
to  eddy-currents,  friction,  and  magnetic  hysteresis,  which  are 
thus  measured  together.  This  stray  power  is  determined  by 
using  the  machine  as  a  motor,  the  field-magnets  being  sepa- 
rately excited  so  that  the  armature  has  the  same  magnetic 
induction  as  at  full  load,  the  electromotive-force  applied  to  it 
being  such  as  to  drive  it  at  its  normal  speed.  Only  a  small 
generating  dynamo  is  required  to  furnish  the  current  for  this. 
When  matters  are  so  arranged  that  the  machine  to  be  tested 

*  Phil.  Trans.,   1886,  ii.  347.     See  also  EUetridany  xvi.   347,    1886;  and 
Electrical  RevUw,  xviii.  207  and  230,  1886. 

'  Electrical  RevieWy  xviii.  242,  1886. 

*  Ibid,,   xix.  464,  1886 ;   and  Electrician,   xvii.  410,    1886 ;    and  xxi.   275, 
1887. 

*  Electrician,  xvi.  371,  1886. 

*  Electrical  Revieiv,  xix.  424  and  437,  1886. 

*  Jbid,^  xxi.  181  and  215,  1887. 
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runs  at  its  normal  speed,  the  power  used  in  driving  the 
machine  (which  is  measured  electrically  by  taking  readings 
of  the  volts  on  the  armature  and  the  amperes  flowing  through 
it,  and  multiplying  up)  is  equal  to  the  stray  power  at  full 
load. 

An  example  may  be  useful.  Suppose  we  have  to  test  a  large  50  kilowatt 
sbunt-wound  dynamo,  giving  500  amperes  at  100  volts  at  720  revolutions  per 
minute,  and  that  r^  =  0*006  ohm,  and  r,  =  12  ohms,  the  lost  amperes  will  be 
100  -r- 12  =  8*5,  total  current  say  508  amperes ;  hence  lost  volts  508  x  o*oo6 
=  3  volts ;  whence  E  =  103  volts.  Watts  lost  in  armature  =  508  x  50S  x  0*006 
=  1548.  Watts  lost  in  shunt  coil  =  loo  X  100  -r- 12  =  833.  Now  arrange  any 
small  dynamo,  of  say  2  H.P.,  to  give  out  current  at  103  volts ;  and  from  this  run 
the  large  dynamo  that  is  to  be  tested,  as  a  motor,  with  no  other  load  than  its  own 
friction,  hysteresis  and  eddy-currents.  It  will  run  under  720  revolutions,  since 
with  such  small  current  its  armature  produces  no  demagnetizing  action  to  quicken 
it  up.  Therefore  add  some  resistance  to  its  shunt  till  it  comes  up  to  speed.  Then 
measure  the  current  it  is  taking;  this  multiplied  by  £  gives  the  stray  power. 
Suppose  it  takes  9  amperes,  then  the  stray  power  is  103  x  9  =  927  watts.  We 
may  at  once  reckon  out  the  efficiencies.  The  losses  now  known  are  1548  +  833 
+  927  =  3308.  Add  this  to  the  50,000  watts  of  nett  out-put,  and  we  get  the 
gross  out-put  S33,o8.    Hence  we  have  the  following : — 

^  «.  .  52381         o 

Gross  efficiency  =  =  98'3  per  cent 


Electrical  efficiency  =  ~ — 3-  =95*5        », 


50000 
52381 


Nett  efficiency  =  522^  =  93-8        „ 

Testing  Separate  Losses. — In  the  preceding  paragraph  no 
distinction  was  made  between  the  three  sources  of  loss  which 
go  to  make  up  the  stray  power,  namely,  friction,  eddy-currents, 
and  hysteresis.  It  was  indeed  possible  to  separate  the  eddy- 
current  loss  from  the  others  by  making  experiments  at 
different  speeds,^  because  the  eddy-current  loss  increases  pro- 
portionately to  the  square  of  the  speed,  whilst  the  other  losses 
are  approximately  proportional  simply  to  the  speed.  The 
power  thus  wasted  was  given  to  the  armature  by  a  motor, 
and  measured  electrically.  In  1891  a  method  of  separating 
these  losses  was  independently  published  by  Kapp*  and  by 
Housman.^    From  the  latter's  paper  are  taken  Figs.  495  and 

*  Joum.  Inst  Electrical  Engiruers,  xviiL  620,  1889. 

•  The  Electrician,  xxvL  699,  1891. 

«  Ibid,,  xxvi.  700^   1891 ;   also  Joum,  Inst.  Electrical  Engineers^  xx.  298, 

1891. 
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496,  which  show  the  method  adopted  by  both  these  engineers. 
The  method  is  as  follows  : —  Let  the  field-magnet  be  separately 
excited  to  a  constant  value.  Then  measure  the  currents 
required  to  run  the  armature  as  a  motor  with  no  load  at 
different  speeds,  by  using  different  volts.  The  results  when 
plotted  out  as  a  curve  give  a  straight  line  A  B,  Fig.  495  cut- 
ting the  axis  of  current  above  the  origin.     A  horizontal  line. 


Fig.  49S. 
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A  D,  through  A,  divides  the  ordinates,  such  as  C  B,  into  t^vo 
parts ;  one  C  D,  which  represents  the  losses  that  are  propor- 
tional to  speed ;  and  another  D  B  which  represents  those  that 
are  proportional  to  the  square  of  the  speed.  To  separate  fric- 
tion of  bearings  and  brushes,  the  armature  should  be  coupled 
direct  to  another  similar  machine,  the  latter  running  without 
excitation  of  magnets,  when  the  increase  of  current  needed  to 
drive  will  give  a  measure  of  frictional  loss,  and  from  this  the 
lines  E  F  and  G  H  may  be  plotted  out.  If  a  second  set  of 
observations  are  made  with  a  field  of  different  strength,  a 
second  line  A'  B'  will  be  obtained,  which  will  be  above  or 
below  A  B,  according  to  whether  the  change  of  field  has 
increased  or  diminished  the  total  losses.     The  minimum  total 
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loss  usually  occurs  with  an  excitation  that  makes  B  in  the 
armature  about  15,000  or  16,000;  for  when  the  excitation 
is  pushed  further,  not  only  does  hysteresis  become  much 
greater,  but  the  eddy-currents  in  shaft  and  pulley,  due  to  the 
leakage  of  magnetic  lines,  are  greater.     If  the  curve  A  B 

Fig.  496. 
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curves  upwards  at  the  higher  values,  it  shows  that  the  eddy- 
currents  in  the  armature  are  producing  perceptible  demagne- 
tization. In  Fig.  496  the  values  plotted  have  been  changed 
from  electrical  to  mechanical  values,  so  as  to  permit  of  a 
single  scale  being  used  for  experiments  with  various  degrees 
of  excitation. 

Mr.  Kapp  has  communicated  to  the  author  a  method  of 
testing  which  permits  the  commercial  or  nett  efficiency  to  be 
determined  electrically  with  far  higher  accuracy  than  is  pos- 
sible with  any  mechanical  dynamometer.  It  requires  two 
machines  of  nearly  equal  power,  one  to  run  as  generator,  the 
other  as  motor,  together  with  a  small  auxiliary  machine  of 
normal  voltage,  to  which  the  other  two  are  coupled  in  parallel. 
If  the  machine  to  be  tested  is  called  A,  and  its  fellow  B,  we 
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may  call  the  small  dynamo  C.  The  armatures  of  A  and  B 
must  also  be  coupled  together  mechanically,  and  the  field  of 
B  must  be  weakened  by  use  of  a  rheostat,  so  that  it  may  run 
as  a  motor.  C  gives  the  current  necessary  for  exciting  and 
for  making  up  the  difference  between  the  currents  in  A  and 
B.  Insert  an  amperemeter  from  one  brush  of  A  to  one  of 
B,  to  measure  the  current  flowing  from  one  to  the  other,  and 
let  two  readings  be  taken  when  the  current  from  C  is  intro- 
duced first  at  the  terminals  of  A,  then  at  those  of  B.  The 
volts  are  the  same  in  each  case.  Hence  the  ratio  of  the  two 
currents  is  the  efficiency  of  the  combination  of  the  t^vo 
machines ;  and  the  square-root  of  the  ratio  of  the  two  read- 
ings is  the  efficiency  of  either  machine. 

An  elaborate  arrangement  of  speed-cones  for  dynamo  testing,  designed 
by  Prof.  Ayrton,  is  described  in  Industries^  June  22,  1888.     For  detailed 
account  of  tests  on  dynamos  the  reader  is  referred  to  the  following 
sources: — Report  of  Committee  of  Franklin  Institutiony  1878;  Crystal 
Palace  Exhibition  1882,  Report^  by  Lieut.  F.  J.  Sprague,  United  States 
Commissioner ;  also  see  the  Inaugural  Address  of  Prof.  W.  G.  Adams  in 
Journal  Soc,  Telegr.-Engin.  and  Electr,y  1884;  Thesis  of  J.  W.  Howell 
on  tests  made  at  Stevens  Institute,  reprinted  in  a  volume  on  Incandescent 
Electric  Lighting^  published  New  York,  1883,  by  Messrs.  Van  Nostrand ; 
Official  Report  of  Munich  Electric  Exhibition^  1882 ;  also  the  tests  made 
by  Messrs.  Alabaster,   Gatehouse  and  Co.,  reported  in  Engineering, 
May  2,  1884,  and  Electrical  Review y  April  26,  1884;  also  Report  of 
JurorSy  Cincinnati  Industrial  Exposition  1883;  also  Prof.  W,  G.  Adams' 
Inaugural  Address,  Journal  of  Society  of  Telegraph- Engineers  and 
Electricians,  xiv.  4,   1885;    also  Reports  of  Electrical   Exhibition  at 
Philadelphia  1884,  published  in  Journal  of  the  Franklin  Institutiony 
1885 ;  tests  of  arc-lighting  dynamos  at  Melbourne  Exhibition,  by  K.  L. 
Murray,  Journal  Institution  Electrical  Engineers,  xviii.,  1889;  tests  of 
dynamos  (Desroziers,  Edison,  Granmie,  &c.)  at  Paris  Exhibition  of  1889, 
by  A.  Minet,  La  Lumi^re  Electrique,  xxxv.,  1889;  tests  on  Stanley  Arc 
Alternator  by  Duncan  and  Hassen,  The  Electrician,  xxvi.,  Jan.  1891; 
tests  of  a  Goolden  dynamo  and  Willans  engine,  separating  the  losses,  ib, 
xxvi.  36,  1890;  tests  of  a  Wenstrom  d5mamo,  separating  the  losses,  by 
Duncan,  Electrical  Review,  xx^i,  116,  Jan.  1890;  papers  on  Causes  of 
Losses,  by  Hummel,  in  Elektrotechniscke  Zeitschrift,  viii.,  1887,  and  xii. 
1 89 1.     At  the  Frankfort  Exhibition  of  189 1,  very  careful  tests  were  made 
of  numerous  machines  under  very  favourable  conditions.    None  of  the 
results  of  these  tests  are  yet  available  down  to  the  hour  of  going  to  press. 
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CHAPTER  XXIX. 

MANAGEMENT  OF  DYNAMOS. 

This  chapter  is  devoted  to  three  topics : — (i)  The  coupling  of  two 
or  more  dynamos;  (2)  General  instructions  in  use  of  d3mamos; 
(3)  The  diseases  of  dynamos. 

On  Coupling  Two  or  More  Dynamos  in  One  Circuit. 

It  is  sometimes  needful  to  couple  two  or  more  dynamos  together 
so  that  they  may  supply  to  a  circuit  a  larger  quantity  of  electric 
energy  than  either  could  do  singly.  Thus  it  may  occur  that  two 
dynamos,  neither  of  which  can  safely  carry  a  greater  current  than 
1000  amperes,  are  required  to  supply  jointly  a  2000-ampere  current : 
or  two  machines,  each  of  which  can  run  at  60  volts,  are  required  to 
furnish  an  electromotive-force  of  120  volts.  Simple  as  these  cases 
may  seem,  it  is  not  so  easy  to  carry  them  out,  because  it  depends 
upon  the  construction  of  the  machine,  and  especially  upon  the  mode 
of  excitation  of  the  field-magnets,  whether  they  can  be  coupled 
together  without  interfering  with  each  other's  running.  For  it  may, 
and  does,  occur  that  if  not  rightly  arranged,  one  machine  will  absorb 
energy  firom  the  other  and  be  driven  as  a  motor  instead  of  adding 
anjrthing  to  the  energy  of  the  circuit 

Coupling  Machines  in  Series. — Series-wound  dynamos  may  be 
united  in  series  with  one  another  for  the  purpose  of  doubling  the 
electromotive-force.  Thus  two  Brush  machines,  each  working  at 
10  amperes,  and  each  capable  of  working  6  arc-lamps,  may  be  joined 
in  one  circuit  with  12  arc-lamps  in  series.  The  only  needful  pre- 
caution is  to  see  that  the  +  terminal  of  one  machine  is  joined  to  the 
—  terminal  of  the  other,  precisely  as  with  cells  of  a  battery.  Shunt- 
wound  dynamos  may  also  be  coupled  in  series,  though  the  arrange- 
ment is  not  good  unless  the  two  shunt  coils  are  also  put  in  series 
with  one  another,  so  as  to  form  one  long  shunt  across  the  circuit. 
Compound-wound  dynamos  may  be  connected  in  series  with  one 
another,  provided  the  shunt  parts  of  the  two  are  connected  as  a 
single  shunt,  which  may  extend  simply  across  the  two  armatures 
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Fig.  497. 


(double  short-shunt),  or  may  be  a  shunt  to  the  external  circuit 
(double  long-shunt),  or  may  be  a  mixture  of  long  and  short  shunt 
The  same  considerations  apply  to  more  than  two  machines.  The 
coupling  of  alternate-current  dynamos  is  considered  in  Chapter  XXII. 
Coupling  Dynamos  in  Parallel. — Two  series  dynamos  cannot  be 
coupled  in  parallel  in  a  circuit  without  a  slight  re-arrangement,  other- 
wise they  interfere.  For,  suppose  one  of  them  to  fall  a  little  in 
speed,  so  that  the  electromotive-force  of  one  machine  is  higher  than 
that  of  the  other  machine  with  which  it  is  in  parallel,  the  machine 
having  the  higher  electromotive-force  will  then  drive  a  current  in  the 
wrong  direction  through  the  other  machine,  reversing  the  polarity  of 
its  field  magnets  and  driving  it  as  a  motor.    To  obviate  this,  Gramme 

made  the  suggestion  that  the  machines 
should  be  coupled  in  parallel  at  the 
brushes  as  well  as  at  the  terminals.  This 
is  shown  in  Fig.  497.  The  terminals 
TjTi  of  one  machine  are  respectively 
joined  to  TgTg  of  the  second  machine, 
and  a  third  wire  joins  B^  with  Bg.  If 
both  machines  are  doing  precisely  equal 
work,  there  will  be  no  current  through 
the  wire  B^  Bg.  If  either  machine  falls 
behind,  part  of  the  current  from  the  other 
machine  will  flow  through  Bj  Bg  and  help 
to  maintain  the  excitement  of  the  magnets  of  the  weaker  machine. 
This  eflfectually  prevents  reversals. 

In  the  case  of  shunt  machines  there  is  no  great  difficulty  in 
running  them  in  parallel,  as  indeed  is  done  on  a  large  scale  every 
day  in  central  lighting  stations.  The  chief  precaution  to  be  taken  is 
that,  whenever  an  additional  dynamo  has  to  be  switched  into  circuit, 
its  field  must  be  turned  on,  and  it  must  be  run  at  fiiU  speed  before 
its  armature  is  switched  into  connexion  with  the  mains,  otherwise 
the  current  from  the  mains  will  flow  back  through  it  and  overpower 
the  driving  force, ^  Another  method  of  coupling  two  series  machines 
is  to  cause  each  to  excite  the  other's  field  magnetisna.  This 
equalizes  the  work  between  the  two  machines. 

Coupling  of  Compound  Dynamos  in  Parallel  Circuit. — In  working 

'  See  Burstyn,  in  the  Zeitschrift  fur  angewandtm  Eldktriciiatslehrse^  1881, 
P-  339f  also  Schellen  (2nd  Edition),  p.  717  ;  Ledeboer,  in  La  Lumihre  Eleeiriqtu^ 
xxvi.  210,  1887;  Meylan,  in  La  Lumiire  EUctrique^  xxvi.  379,  1887;  *»<! 
Feussner,  in  Zeitschrift fiir  EUktrotechnik  (1887),  108.  See  also  the  special  mode 
devised  by  S.  S.  Wheeler,  U.S.  Patent,  No.  335,048  of  1886. 
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compound  dynamo  machines  in  parallel  circuit,  some  difficulty  has 
been  found,  because  if  for  any  reason  the  current  from  any  one 
machine  increases  the  exaltation  of  the  field  strength  in  such  a  case, 
due  to  the  increase  of  the  current  traversing  the  series  circuit,  raises 
the  electromotive-force  of  the  machine,  and  causes  it  not  only  to  do 
more  than  its  due  share  of  the  work,  but  even  to  send  a  back  current 
through  the  machine  which  is  connected  with  it,  which  on  account 
of  its  reduced  electromotive-force  becomes  merely  a  part  of  the 
external  circuit  of  the  more  powerful  generator.  There  is  no  doubt 
that  such  an  action  may  take  place ;  and  if  unavoidable  would  render 
compound  dynamos  unsuitable  for  emplojrment  in  many  situations 
v^here  their  self-regulating  powers  must  render  them  very  useful. 
Mr.  Mordey  first  pointed  out  that  the  difficulty  might  be  overcome 

Fig.  ,498. 
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by  connecting  the  parallel  machines  in  such  a  way  that  not  only  are 
the  shunt  portions  of  the  field  magnets  in  parallel  circuit,  but  the 
series  circuits  of  the  field  magnets  are  also  a  shunt  on  one  another ; 
in  other  words,  by  connecting  the  brushes,  as  well  as  the  terminals, 
in  parallel  circuit,  precisely  as  Gramme  has  done  for  series-wound 
machines.  This  mode  of  connexion  is  shown  by  the  accompanying 
diagram  (Fig.  498). 

Aj  A2  are  the  armatures  of  two  compound  dynamos,  T^  T^  and 
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Tg  Tg  are  the  terminals ;  the  wire  B^  Bg  acting  in  conjunction  with 
the  lead  T^  Tg  on  the  left,  puts  the  armatures  in  parallel  When 
compound  dynamos  are  connected  in  this  way/  they  work  quite 
satisfactorily,  and  exercise  a  considerable  power  of  mutual  adjust- 
ment No  necessity  exists  for  driving  by  clutch  or  other  positive 
connexion,  ordinary  belt  driving  being  quite  admissible,  even  when 
the  belts  have  different  percentages  of  slip — as  may  happen  when 
they  are  not  alike  in  tightness  or  character. 

This  mutual  adjustment  extends  also  to  the  case  of  slight  differ- 
ences in  the  sizes  of  the  driving  or  driven  pulleys  where  a  single 
steam-engine  or  other  motor  is  driving  both  or  all  of  the  machines, 
as  well  as  to  the  case  of  separate  engines  being  employed  to  drive 
separate  machines.  Of  course  the  power  of  mutual  adjustment  must 
not  be  unduly  strained  by  trusting  to  it  to  remedy  inequalities  of  a 
serious  nature. 

The  rationale  of  this  adjustment  is  very  simple.  Taking  the  case 
of  two  exactly  similar  compound  dynamos,  connected  as  described 
above,  it  will  be  evident  that  as  the  shunt  fields  as  well  as  the  series 
fields  are  similar,  and  are  respectively  in  parallel  circuit,  the  strength 
of  the  magnetic  fields  in  the  two  dynamos  will  be  alike.  Then  at 
the  same  speed  their  electromotive-forces  will  be  equal,  and  they  will 
absorb  power  equally,  and  will  do  equal  work.  But  if  firom  any 
cause  one  of  them  begin  ever  so  slightly  to  lag  behind  the  other  in 
speed,  its  electromotive-force  will  become  slightly  lower,  and  it  will 
absorb  proportionately  less  power.  The  power  being  thus  unequally 
distributed,  the  slow  machine  will  tend  to  race,  while  the  fast  one 
will  tend  to  slow  down.  In  this  way  the  two  dynamos  will  exercise 
a  continual  mutual  adjustment,  resulting  in  an  equal  division  of  the 
work  between  them. 

And  not  only  does  this  control  exist  with  similar  compound 
dynamos,  but  it  may  be  relied  on  when  the  djmamos  are  unhke  in 
size,  power,  and  speed. 

For  instance,  large  and  powerful  machines  may  be  worked  in 
parallel  circuit  with  smaller  machines  of  various  power,  and  each  will 
do  its  proper  share  of  the  work. 

In  such  a  case,  however,  it  is  necessary  to  observe  an  additional 
precaution.  Not  only  should  the  various  dynamos  be  connected 
together,  and  to  the  external  circuit,  according  to  the  plan  described 
above,  but  such  a  proportion  should  be  observed  between  the  resist- 
ances of  the  series  coils  of  the  various  connected  machines  that  with 

*  The  method  proposed  by  M.  Ledeboer  in  La  Lumihx  EUctrique^  xzvi  210, 
1887,  is  practically  identical  with  the  above. 


Management  of  Dynamos.  799 

the  varying  resistance  of  the  external  circuit  the  fall  of  potential  in 
all  the  series  coils  may  be  similar.  This  is  the  case  when  the 
respective  resistances  of  the  series  coils  are  inversely  proportional  to 
the  full  (or  any  equal  proportion  of  the  full)  current  intended  to  be 
generated  by  each  dynamo. 

When  the  resistances  of  the  series  fields  of  the  parallel  d)mamos 
are  thus  inversely  proportional  to  their  currents,  they  will  work  satis- 
factorily in  parallel  circuit,  and  will  possess  the  desired  power  of 
adjustment  under  any  circumstances  likely  to  arise  in  practice  where 
ordinary  care  and  skill  are  exercised. 

The  examination  of  the  subject  does  not,  of  course,  cover  all  the 
details  of  the  actions  connected  with  the  working  of  compound 
dynamos  in  parallel  circuit  A  fuller  inquiry  reveals  a  theoretical 
necessity  for  giving  an  exactly  similar  formation  to  the  characteristic 
curves  of  all  the  connected  machines.  For  practical  purposes,  how- 
ever, the  foregoing  precautions  will  generally  be  found  sufficient 

A  method  of  connecting  the  machines,  differing  from  the  above, 
has  been  suggested.  It  is  very  similar  to  that  which  has  been  used, 
as  mentioned  above,  with  Gramme  dynamos,  consisting  in  employing 
the  current  of  one  machine  A  to  excite  the  fields  of  a  second  machine 
B,  while  the  current  of  B  in  turn  is  made  to  magnetize  the  fields 
of  A.  This  is  a  perfectly  ptacticable  plan.  With  compound 
dynamos  the  series  coils  will  alone  require  to  be  operated  in  this 
way.  But  there  are  some  objections  to  such  an  arrangement  It 
can  only  be  used  when  the  dynamos  are  exact  copies  of  each  other, 
and  is  therefore  out  of  the  question  when  it  is  desired  to  utilize 
machines  of  various  sizes  and  speeds  to  operate  one  circuit  Another 
objection  is  that  with  such  a  method  it  is  always  necessary  to  have  at 
least  two  machines  working,  even  when  one  is  sufficient  or  more  than 
sufficient  for  the  reqmrements  of  the  moment  In  such  a  case,  when 
it  may  be  desired  to  use  one  machine  only,  an  arrangement  of 
switches,  always  more  or  less  unsatisfactory,  must  be  adopted ;  while 
the  making  of  the  involved  change  could  scarcely  be  effected,  while 
the  machines  were  working,  without  causing  some  interruption  to 
the  external  current — an  event,  however  momentary,  to  be  carefully 
avoided  in  practical  work.  Again,  an  accident  to  one  machine 
would  incapacitate  not  only  that  machine,  but  also  the  second  one 
which  relied  on  the  former  for  its  field  excitation. 

The  plan  suggested  by  Mr.  Mordey  appears  the  more  satisfactory 
one,  and  may  be  used  in  a  lighting  station,  or  in  any  situation  where 
the  varying  requirements  of  the  circuit  render  it  desirable  to  bring 
additional  machines  into  operation  as  the  work  increases,  and  to 
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disconnect  them  from  the  mains  as  the  demand  for  current  falls  offl 
To  accomplish  this  the  following  arrangements  and  order  of  opera- 
tions should  be  observed.  The  dynamos  should  each  be  furnished 
(see  Fig.  498)  with  a  switch  s  in  the  shunt  circuit ;  they  should  each 
have  also  a  switch  m  in  their  main  circuit  between  the  armature  part 
and  the  point  where  the  shunt  circuit  joins  on,  so  that  the  armature 
part  may  be  interrupted  without  interrupting  the  shunt  circuit  The 
connecting  wire  from  brush  to  brush,  which  should  be  at  least  as 
thick  as  the  mains,  should  also  be  furnished  with  a  switch  z.  Suppose 
dynamo  No.  i  is  at  work  alone,  its  two  switches,  s^  m^,  will  be  closed. 
If,  now,  dynamo  No.  2  is  to  be  thrown  in,  the  following  order  must 
be  observed.  First  get  up  the  speed  of  No.  2  to  its  full  value,  then 
close  s^j  then  z;  this  will  fully  excite  its  magnetism;  lastly,  close  m^ 
When  No.  2  has  to  be  thrown  out  of  circuit  the  order  must  be  exactly 
reversed:  first  open  Wg^  'hen  z;  then  jgj  lastly,  slow  down  the 
machine.  A  special  combination-switch,  which  will  perform  these 
successive  operations  in  their  proper  order,  is  desirable. 

The  coupling  of  alternators  has  been  specially  considered  in 
Chapter  XXIII. 

General  Instructions  in  Use  of  Dynamos. 

Position  of  Dynamo, — The  place  chosen  should  be  dry,  free  from 
dust,  and  preferably  where  a  cool  current  of  air  can  be  had.  It 
should  allow  a  sufficient  room  for  a  belt  of  proper  length,  unless  the 
dynamo  is  direct-driven. 

Foundations. — It  is  most  important  to  secure  good  foundations 
for  every  dynamo ;  and  if  the  dynamo  is  direct-driven,  but  is  not  on 
the  same  bed-plate  as  the  engine,  a  foundation  large  enough  for  both 
together  should  be  laid  down.  Stone  or  concrete  may  be  used,  or 
brick  built  with  cement,  having  a  large  thick  stone  bedded  at  the 
top.  For  small  dynamos  the  holding-down  bolts  may  be  set  with 
lead  or  sulphur  in  holes  in  the  stone  top ;  but  for  large  dynamos  the 
bolts  should  be  long  enough  to  pass  right  down  to  the  bottom,  where 
they  should  be  secured  into  iron  plates  built  in.  If  long  holes  are 
left  in  the  foundations  for  the  holding-down  bolts,  they  should  be 
filled  in  with  thin  cement  after  the  latter  have  been  put  in  place. 

Sliding  JRails. — ^All  belt-driven  dynamos  ought  to  be  provided 
with  tightening  gear  to  take  up  the  slack.  If  the  dynamo  is  not 
provided  with  sliding  rails  under  its  bed-plate  and  tightening  screws, 
the  less  desirable  method  of  employing  a  tenting  pulley,  as  in  Plate 
XX.,  may  be  used.  In  any  case  the  bed  for  dynamo  must  be  quite 
level,  and  the  shaft  set  properly  parallel  with  the  driving  pulley. 
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Before  Starting.^'EiSLZXxaxiQ  the  dynamo  before  it  is  set  running 
for  the  first  time.  Remove  caps  of  bearings  and  clean  them  and  the 
journals.  Replace  them,  but  do  not  screw  up  too  tightly.  See  that 
lubricators  are  filled,  and  the  drip  properly  adjusted  Use  copper 
oil-cans.  Turn  the  armature  round  by  hand  to  see  that  nothing 
catches,  and  no  loose  wires  or  waste  are  adhering  to  it  Clean  up 
the  commutator  with  the  finest  emery  cloth,  and  note  carefiilly  that 
no  dirt  or  copper-dust  is  lodged  between  the  bars  of  the  commu- 
tator. A  stiff  dry  hog-brush  will  be  useful  here.  See  that  the  brush- 
holders  work  rightly,  and  that  the  hold-off  catches,  if  any,  are  in 
order.  See  that  each  brush  is  properly  trimmed  (/.  e,  filed  off  at  the 
proper  bevel  at  the  ends.  Some  makers  provide  a  special  tool  to 
guide  the  file  at  the  proper  angle).  Adjust  the  brushes,  first,  by 
clamping  them  very  firmly  in  their  holders,  so  that  they  protrude  to 
the  proper  length.  (For  this  purpose  many  makers  provide  each  holder 
with  a  pointer,  as  at  P  on  Plate  IIL).  Adjust  them,  secondly,  so 
that  they  bear  with  a  moderate  but  firm  pressure  on  the  commutator. 
See,  thirdly,  that  when  so  pressing,  they  bear  in  the  right  positions. 
For  two-pole  dynamos  the  brushes  should  bear  on  precisely  opposite 
bars  of  the  commutator.  For  four-pole  dynamos  they  bear  on  bars 
that  are  a  quarter  of  the  circumference  apart.  (It  is  customary  for 
makers  to  mark  two  of  the  commutator  bars  with  a  centre-punch  so 
that  this  adjustment  may  be  verified).  Then,  having  verified  these 
adjustments,  raise  the  brushes  out  of  contact  until  you  have  started 
running.  Wherever  a  single  d3mamo  is  driven  from  an  engine  it  is 
well  that  the  brushes  should  be  only  lowered  after  starting  running, 
and  raised  before  stopping  running,  so  as  to  avoid  all  chance  of  the 
brushes  being  spoiled  by  the  d3mamo  tiuning  in  the  vnrong  direction. 
But  the  current  should  always  be  turned  off  before  a  brush  is  raised, 
otherwise  a  destructive  spark  will  spoil  the  commutator. 

The  brushes  being  adjusted  and  lubricators  filled,  see  that  the 
connexions  are  right,  the  terminals  tightly  screwed  down.  Then 
begin  running  with  brushes  raised  out  of  contact  and  main-switch 
open,  just  to  see  that  all  is  right  mechanically,  and  that  the  bearings 
do  not  heat  Then  let  down  the  brushes.  If  the  machine  is  shunt- 
wound  it  will  at  once  excite  itself,  though  the  main-switch  is  still 
open.  If  the  dynamo  is  for  supplying  glow-lamps,  do  not  on  any 
account  turn  on  the  main-switch  until  you  see  whether  the  mibhine 
is  giving  the  right  volts,  or  you  may  ruin  all  your  lamps.  For  if  the 
speed  is  too  high,  the  volts  may  be  too  high.  A  pilot  lamp  or  a 
voltmeter  will  tell  you  if  all  is  right  Then,  before  you  turn  on  the 
main-switch,  observe  the  brushes  to  see  if  there  is  any  sparking.    If 
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there  is  any  sign  of  sparks,  rock  the  brushes  forward  or  backward 
till  a  sparkless  place  is  founcL  Not  until  then  should  the  main  switch 
be  turned  and  the  lamps  lit 

Daily  Aifention. — Beside  daily  lubrication,  attention  must  be 
given  to  the  brushes  to  see  if  they  require  to  be  fed  forward  or 
trimmed.  The  commutator  should  not  be  oiled,  but  only  wiped 
with  an  oily  rag  or  a  piece  of  cotton  cloth  {not  waste)  smeared  with 
vaseline.  (This  reservation  does  not  apply  to  arc-light  dynamos  with 
special  commutators  with  wide  air-gaps  like  those  of  the  Thomson- 
Houston  machine,  which  may  be  oiled  freely.)  If  the  dynamo  is 
driven  from  heavy  shafting,  so  that  there  is  no  risk  of  turning  back- 
wards at  starting  or  stopping,  then  the  brushes  may  always  be  left 
down  on  the  commutator.  Many  d3mamos  will  spark  at  full  load 
unless  the  brushes  are  rocked  forward  beyond  the  point  that  gave 
sparkless  running  an  open  circuit.  Sparkless  running  is  a  vital 
matter  if  the  commutator  is  to  last  long.  The  attendant  cannot  be 
too  strongly  impressed  with  the  necessity  of  proper  care  on  this 
matter,  A  well-designed  modem  dynamo,  if  properly  attended  to, 
will. soon  acquire  a  beautiful  dark-polished  surface  on  its  commu- 
tator. But  the  commutator,  even  of  a  good  machine,  may  be  mined 
in  a  few  hours  by  careless  or  ignorant  handling.  If  the  brushes  press 
too  heavily,  it  ^«dU  become  scored  or  ploughed  up.  If  they  press  too 
lightly,  or  if  there  is  vibration  that  causes  them  to  jump,  or  if  they 
are  allowed  to  spark,  the  commutator  will  be  worn  away  in  patches 
at  the  edges  of  some  of  the  bars,  and  lose  its  cylindridty  of  outline. 
The  only  remedy  in  this  case  is  to  carefully  turn  it  or  file  it  down 
true ;  and  this  should  occur  very  rarely. 

Diseases  of  Dynamos.^ 

At  least  four-fifths  of  the  mishaps  and  break-downs  that  occur 
with  dynamos  arise  from  causes  more  strictly  within  the  province  of 
the  engineer  than  in  that  of  the  electrician.  On  the  other  hand, 
many  of  the  mechanical  faults  that  develop  themselves  in  the  machine 
might  have  been  avoided  had  the  engineer  been  possessed  of  a  better 
knowledge  of  the  electric  and  magnetic  conditions  which  obtain 
n  the  running  of  the  machine.  It  is  not  often  nowadays  that 
armatures  fly  to  pieces.  That  disaster  has  seldom  occurred  since 
good  engineers  took  in  hand  the  constmction  of  dynamos.    The 

^  See  paper  by  the  author  in  The  Electrician^  xx.  82,  1887 ;  see  also  articles 
in  EUctroUchmschc  Zciischrtfty  xi.  186,  1890 ;  Electrical  World^  ziv.  99,  184,  and 
xvUi.  383,  1891. 
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points  which  it  is  difficult  for  the  ordinary  engineer  to  grasp  are 
the  circumstance  that  it  is  on  the  copper  conductors  rather  than  on 
the  iron  cores  that  the  drag  and  stress  of  the  magnetic  field  is 
exerted,  and  the  necessity  throughout  of  preserving  proper  insulation. 
All  insulation  being  mechanically  bad,  he  is  apt,  in  attempting  to  give 
mechanical  strength,  to  use  the  insulating  materials  in  some  way  that 
vitiates  their  adequacy.  For  want  of  full  electrical  information  he  may 
apply  the  insulation  in  an  erroneous  manner  and  produce  a  dynamo 
which  will  break  down  under  the  severe  conditions  of  actual  work* 

Burning-out  of  Armatures, — Single  coils  of  an  armature  sometimes 
get  heated  to  redness  and  bum  the  insulation.  Sometimes  a  whole 
armature  will  become  overheated,  producing  a  general  charring. 
The  latter  case  happens  more  often  to  the  armatures  of  motors  than 
to  those  of  dynamos.  For  if  any  excessive  current  is  drawn  by 
accident  from  a  dynamo,  the  torque  on  the  armature  will  generally 
become  so  great  as  to  throw  off  the  belt  or  pull  up  the  engine. 
Whereas,  with  a  motor,  if  the  armature  is  jammed  so  that  it  cannot 
turn,  an  enormous  current  will  continue  to  flow  through  it  if  the 
supply  be  not  cut  off.  The  burning  of  a  single  coil  or  section  of 
the  winding  is  sometimes  due  to  short-circuiting  at  the  commutator 
between  two  adjacent  bars;  but  more  often  it  is  due  to  short-cir- 
cuiting in  the  armature  itself.  In  drum  armatures,  and  in  those 
forms  of  ring  armature  which  are  so  connected  that  the  windings 
cross  over  one  another,  this  evil  may  occur  in  consequence  of  the 
abrasion  of  the  insulation.  In  the  old  wire-wound  drum  armatures 
short-circuits  were  frequent,  from  the  overwrapping  of  the  ends  of 
coils  of  widely-different  potentials.  Short-circuit  between  an  imper- 
fectly insulated  wire  and  the  iron  core  beneath  it  is  again  a  fruitful 
source  of  trouble.  Not  that  any  one  such  contact  can  of  itself  pro- 
duce any  effect :  but  that  if  there  is  one  such  contact,  then,  if  a  fault 
occurs  anywhere  in  the  lamp  circuit,  there  will  at  once  be  developed 
a  serious  leak  through  earth.  Also  the  risk  of  shock  to  persons 
casually  touching  any  part  of  the  circuit  is  greater  if  there  is  any 
single  fault  in  the  dynamo.  Some  firms — chiefly  American^ — pre- 
scribe that  the  d3mamo  frame  itself  should  be  insulated  from  the 
ground.  This  is  an  absurdity  for  any  dynamos  except  those  working 
at  high  voltage.  The  author^s  experience  leads  him,  on  the  other 
hand,  to  prescribe  that  the  framework  of  the  dynamo  should,  on  the 

^  The  lightning  arresters  used  on  many  dynamos  in  the  States  are  themselves 
a  source  of  mishaps.  If  the  dynamo  frame  is  properly  earthed  there  is  no  need  of 
a  lightning  arrester  on  the  dynamo.  Efficient  lightning  arresters  should  be  fixed 
outside  the  djmamo-house  where  the  overhead  circuit  enters  it 
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contrary^  be  carefully  connected  tx)  earth.  If  tliis  is  done,  the  risk 
of  accident  to  attendants — ^which  is  considerable  in  the  case  of  high- 
voltage  machines  insulated  from  their  bed— is  reduced  to  a  minimiim. 
A  contact  between  an  armature  conductor  and  the  iron  core  may 
occur  because  of  the  iron  laminae  becoming  loose  and  wearing 
through  the  layers  of  insulation.  If  the  insulation  is  not  waterproof 
and  has  got  wet,  it  may  break  down  when  the  machine  is  run. 
Sometimes  armatures  are  destroyed  by  the  burning  of  the  insulation, 
by  the  overheating,  not  of  the  conductors,  but  of  the  iron  core.  In 
such  cases  either  the  core  has  not  been  properly  laminated,  or  else 
the  insulation  between  the  core-discs  is  defective.  The  burning  of 
binding  wires,  which  occasionally  occurs,  is  due  to  want  of  com- 
pliance with  the  sufficient  and  necessary  electrical  conditions.  Mica 
alone,  in  slips,  under  the  binding  wires  is  insufficient,  as  it  is  apt  to  be 
slowly  ground  to  powder.  It  should  be  placed  between  strips  of  some 
other  material,  such  as  vulcanized  fibre,  as  a  mechanical  backing. 

Being  pieces  of  running  machinery,  dynamos  are  liable,  as  all 
engines  are,  to  heating  of  bearings,  if  proper  attention  is  not  paid  to 
lubrication  and  to  the  avoidance  of  needless  dnrt 

Fracture  of  Connexions^ — ^This  most  annoying  fault — the  firacture 
of  the  connecting  pieces  which  lead  down  from  the  armature  con- 
ductors to  the  bars  of  the  commutator — ^appears  to  be  partly  mecha- 
nical and  partly  electrical.  These  connecting  pieces  pass  through  a 
partial  magnetic  field,  and  they  carry  at  times  strong  currents,  which 
are  reversed  twice  in  each  revolution.  Hence  they  are  each  racked 
by  lateral  forces  as  they  rotate,  and  this  incessantly  repeated  breaks 
them  off  at  last.  The  cure  is  either  to  make  them  mechanically  very 
strong,  or  of  stranded  material,  or  to  arrange  that  they  shall  lie  outside 
the  waste  field. 

Disconnexions  in  Armafure.—Somttimes  a  disconnexion  occun 
where  the  armature  conductors  or  windings  are  coupled  up  or  con- 
nected down  to  the  commutator.  The  evidence  of  this  is  (i)  a 
sparking  that  cannot  be  stopped  by  rocking  the  brushes  forward  or 
backward,  and  (ii)  one  or  more  of  the  bars  of  the  commutator 
appearing  as  if  burned  at  the  edge.    One  way  ^  of  finding  the  location 

'  Another  way,  applicable  only  to  drum  armatures,  is  due  to  Loomb  (Electrical 
Engineer^  New  York,  December  1S91),  and  consists  in  holding  the  armature  by 
hand  and  slowly  turning  it  round  against  the  torque  while  supplied  with  a  coirest 
fiom  some  external  source.  If  a  position  is  found  where  it  is  easier  to  turn,  it  is 
clear  that  in  this  position  the  disconnexion  stops  part  of  the  current,  so  that  the 
fault  can  at  once  be  found  by  tracing  the  connectors  which  nm  from  Uiose  bars  of 
the  commutator  which  are  at  the  brushes  in  this  position. 
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of  such  a  fault  is  to  run  the  dynamos  on  open  circuit,  that  is  to  say, 
with  the  brushes  down,  but  no  lamps  on.  Then  after  a  few  minutes' 
run  stop  the  machine  and  see  if  any  of  the  joints  of  the  connectors 
are  hot ;  this  will  indicate  a  partial  disconnexion.  If  any  entire  coil 
is  found  to  be  hot,  that  is  evidence  not  of  a  disconnexion,  but  of  a 
short-circuit. 

Flats  in  the  Commutator. — Occasionally  one  of  the  commutator 
segments  will  become  burned  away  or  worn  down  to  a  lower  level 
than  the  rest,  or  two  adjacent  bars  may  be  similarly  affected,  causing 
a  flat  part  on  the  cylindrical  surface.  Various  suggestions  have  been 
offered  to  explain  the  origin  of  flats.  If  one  of  the  bars  was  of 
unusually  soft  copper  it  might  wear  away  faster;  but  the  occurrence 
is  unlikely.  A  partial  disconnexion  in  the  armature  at  the  part  con- 
nected to  the  particular  bar  of  the  commutator  will  give  rise  to  a 
spark  here  at  every  half-revolution,  so  biting  away  this  bar.  Flats 
have  been  noticed  also  to  spread  along  the  bar  from  a  flaw  at  one  spot 

Another  undoubted  cause  of  flats  is  a  mechanically  weak  or 
defective  means  of  driving.  If  an  armature,  attached  by  a  three- 
legged  spider,  is  mounted  on  a  weak  shaft  that  bends,  it  is  possible 
that  periodic  vibrations  may  occur  which  will  cause  the  brushes  to 
jump  and  set  up  sparks  at  definite  points  around  the  commutatcn:. 
With  well-constructed  armatures,  well-balanced  and  running  without 
vibration,  there  is  little  fear  of  flats  if  the  pressure  of  the  brushes  is 
suffident  Whenever  a  bar  of  the  commutator  shows  signs  of  burn- 
ing along  its  edge,  steps  should  at  once  be  taken  to  prevent  the 
development  of  a  flat  A  fine  file  should  be  applied  to  smooth  the 
sur£au:e  of  the  commutator  in  the  neighbourhood  of  the  threatened 
spot  Or,  if  need  be,  the  commutator  should  be  very  slightly  turned 
down.  A  narrow  tool  should  be  used  for  this  purpose,  so  as  not  to 
^dragthe  copper,  and  the  surface  should  be  polished  with  very  fine 
emei^lmh  and  examined  to  see  that  at  no  spot  has  the  thin  strip  of 
mica  been  bridged  over  by  a  burr  at  the  edge  of  any  of  the  bars. 

Faults  in  Field-magnet  Coils. — Sometimes  faults  occur  in  field- 
magnet  coils.  These  may  be  of  two  kinds— disconnexions  or  short- 
circuits.  When  there  is  a  disconnexion  the  machine  will  probably 
refuse  to  excite  itselfl  To  make  sure,  the  suspected  coil  should  be 
disconnected  at  the  ends  and  tested.  A  cell  of  Leclanch^  battery 
and  a  simple  detector  galvanometer,  or,  failing  this,  a  common  electric 
bell  will  suffice  to  prove  whether  the  wire  is  continuous.  If  the 
frames  on  which  the  coils  are  wound  are  loose,  the  resulting  vibration 
inay  cause  the  leading-out  ends  of  the  wires  to  snap,  perhaps  at  some 
point  below  the  surface  which  can  only  be  reached  by  unwinding 
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the  coil.  A  short-circuit  between  any  two  of  the  windings  will  have 
the  effect  of  keeping  the  short-circuited  part  cool  whilst  the  rest  of  the 
coils  are  hot  In  a  shunt  coil,  short-circuiting  some  of  the  windings 
causes  the  rest  to  overheatj  dangerously.  A  short-circuit  may  arise 
between  the  frames  or  cores  and  the  coils,  and  may  be  also  tested 
for  by  electric  bell  or  detector  as  above.  If  there  is  a  single  contact 
fault  of  this  sort  between  coils  and  iron-work  in  the  field-magnet, 
then  a  single  fault  at  any  other  point— -armature,  commutator,  brushes, 
terminals,  or  circuit — may  work  dire  disaster.  Once  the  author  was 
confronted  by  a  curious  double  fault  which  for  some  time  defied  de- 
tection. In  a  small  Brush  arc-light  dynamo  two  single  faults  occurred 
at  the  screws  which  fixed  the  iron  support  that  held  the  rocker  for 
one  of  the  pairs  of  brushes,  with  the  result  that  two  of  the  four  pairs 
of  coils  on  the  armature  were  short-circuited. 

Faults  of  Alternators. — Alternators  are  liable  to  faults  of  special 
kinds.  Sometimes  they  show  a  regular  pulsating  flicker,  timed  exactly 
to  the  revolutions  of  the  armature.  This  can  only  be  due  to  some 
double  inequality.  If  one  pair  of  poles  of  the  field-magnet  is  weaker 
than  the  rest,  and  one  of  the  armature  coils  is  defective,  then 
when  these  come  together  in  position  once  in  each  revolution  the 
current  may  show  a  momentary  drop.  A^emators  are  usually  made 
for  high  voltage,  and  are  therefore  liable  to  faults  of  insulation  that 
might  not  occur  in  low-voltage  machines.  If  the  two  collecting  rings 
are  side  by  side  on  the  shaft,  a  spark — or  rather  arc — ^may  spring 
over  from  one  to  the  other  unless  a  high  projecting  washer  of  ebonite 
is  interposed.  The  peculiar  racking  action  of  the  alternating  current 
on  the  armature  coils  (see  p.  638)  is  responsible  for  many  failures  in 
this  class  of  machine. 

Obscure  Causes  of  Mishap. — Occasionally  it  occurs  that  a  dynamo 
fails  to  give  any  current  In  all  such  cases  the  first  thing  to  suspect 
is  that  a  disconnexion  of  the  circuits  has  occurred.  All  terminals 
and  coupling  screws  should  be  examined.  The  lacquer  under  the 
head  of  a  terminal  screw — ^where  no  lacquer  ought  to  be — ^may  be 
responsible.  Dirt  between  the  brushes  and  their  clamps,  or  between 
the  brush-holder  and  the  brush-holder  rod,  may  be  the  cause.  A 
shunt-dynamo  will  not  excite  its  magnets  if  the  main  circuit  is  short- 
circuited;  and  a  series-wound  dynamo  will  not  excite  them  if  the 
main  circuit  is  open.  If  all  other  expedients  to  get  the  machine  to 
excite  itself  fail,  try  the  effect  of  reversing  the  connexions  that  take 
the  current  from  the  brushes  to  the  exciting  coils. 

Many  a  mishap  has  been  caused  by  too  free  a  use  of  oil,  or  by 
oil  leaking  over  from  the  bearings  to  the  commutator  or  getting  into 
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the  armature.  Oil  is  apt  to  spoil  the  insulating  materials  by  rotting 
the  varnish,  and  affording  a  lodgment  for  dirt  and  for  the  fine  copper 
dust  that  flies  from  the  brushes.  Also,  if  oil  gets  to  the  commutator 
it  will  char  under  the  brushes,  forming  a  carbonaceous  film  between 
the  commutator  bars,  inviting  a  short-circuit  This  fault  is  less 
likely  to  occur  when  mica-insulation  is  used  than  when  asbestos  or 
paper  is  employed.  It  has  been  observed  that  the  brushes  wear  and 
heat  unequally :  the  positive  brush  wearing  faster  than  the  negative. 
But  this  is  unimportant  If  there  is  solder  on  the  brushes,  care  should 
be  taken  that  the  soldered  part  should  never  be  used  for  contact  on 
the  commutator :  it  will  set  up  flashing  sparks. 

Vibration  and  Noise. — Excessive  vibration  can  only  be  due  to 
want  of  proper  balance  in  the  armature.  Vibration  of  a  kind  that 
may,  nevertheless,  be  disastrous  to  the  d)mamo,  racking  its  con- 
ductors, pounding  its  insulation  to  dust  and  causing  the  brushes  to 
jump  and  spark,  may  be  occasioned,  even  in  a  well-balanced  machine, 
if  it  is  not  firmly  secured  to  a  proper  foundation.  Continuous- 
current  machines  should  nm  practically  silently :  the  belt  will  make 
far  more  noise  than  any  part  of  the  dynamo.  Alternators  do  not 
usually  run  silently^  for  the  coils  of  all  disk  armatures  chum  the  air 
between  the  poles.  If  thfe  iron  cores  of  the  armature  part  are  sub- 
jected to  too  severe  a  cycle  of  magnetization  they  will  emit  a  loud 
humming  sound,  which  cannot  be  cured  except  by  using  the  machine 
at  a  lower  degree  of  excitation,  being  a  defect  of  design.  Once  the 
author  came  across  a  remarkable  case  of  an  alternator  which  emitted 
a  sustained  howling  sound  of  piercing  loudness.  The  cause  in  this 
case  was  the  accidental  coincidence  between  the  number  of  alter- 
nations and  the  natural  vibration  period  of  some  of  the  solid  iron 
parts.  It  was  cured  by  re-fitting  the  iron  parts  so  as  to  alter  the 
fulcrum  from  which  the  parts  could  vibrate. 
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APPENDIX  A. 
Electric  and  Magnetic  Units. 

« 

The  principal  units  employed  by  practical  electricians,  by  inter- 
national agreement,  are : — 

The  ampere^  or  unit  of  current  (formerly  called  the  weber) ; 

The  volt^  or  unit  of  electromotive-force. 

The  ohm  J  or  unit  of  electric  resistance. 

These  three  practical  units  are  based  upon  certain  abstract  units, 
derived  by  mathematical  reasoning  and  experimentally  proven  laws, 
from  the  three  fundamental  units : — 

The  centimetre^  as  unit  of  length. 

The  gramme^  as  unit  of  mass. 

The  second^  as  unit  of  time. 

The  system  of  "absolute  units"  derived  from  these  is  often 
denominated  the  "  C.G.S."  system  of  units  ^  to  distinguish  it  from 
other  systems  based  on  other  fundamental  units. 

Every  system  of  measurement  is  based  upon  some  experimental 
fact  or  law.  We  can  only  measure  an  electric  current  by  the  effects 
it  produces.  An  electric  current  can  (i)  cause  a  deposition  of 
metals  from  their  chemical  solutions ;  (2)  heat  the  wire  that  it  flows 
through;  (3)  attract  (or  repel)  a  parallel  neighbouring  current; 
(4)  accumulate  as  an  electric  charge  that  can  repel  (or  attract)  a 
neighbouring  charge  of  electricity ;  (5)  produce  in  its  neighbourhood 
a  magnetic  field,  that  is  to  say,  can  exert  a  force  upon  the  pole  of  a 
magnet  placed  near  it,  as,  for  example,  in  galvanometers.  Now  any 
one  of  these  effects  might  have  been  chosen  as  a  basis  for  a  system  of 
units  of  measurement,  and  all  of  them  have  been  proposed  by  one 
authority  or  another.  As  a  matter  of  fact,  the  fifth  of  them  is  made 
the  basis  in  the  system  now  adopted  by  international  agreement; 
and  it  is  the  best  because,  firsdy,  it  connects  the  electrical  units  with 
the  magnetic  ones,  and,  secondly,  it  is  closely  connected  with  the 

'  The  reader  who  may  desire  fuller  information  about  the  C.G.S.  system  of 
units  is  referred  to  Professor  Everett's  Units  and  Physical  Constants. 
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mechanical  units,  enabling  the  mechanical  values  of  the  electrical 
quantities  to  be  readily  calculated. 

Taking  then  the  experimental  fact  that  an  electric  current  flowing 
in  a  wire  can  exert  a  force  upon  the  pole  of  a  magnet  placed  near 
it,  we  have  next  to  define  the  conditions  with  the  utmost  precision. 
It  is  found  by  experiment  that  the  force  which  is  exerted  upon  the 
magnet-pole  by  the  current  depends  on  several  other  things  beside 
the  strength  of  the  current :  the  force  is  proportional  {ceteris  parihus) 
(i)  to  the  length  of  the  conducting  wire,  (2)  to  the  inverse  square  of 
the  distance  between  an  element  of  the  wire  and  the  pole,  (3)  to  the 
strength  of  the  magnet-pole.  To  be  very  precise  then  we  ought  to 
take  (i)  a  wire  one  unit  in  length,  (2)  bent  into  an  arc  of  unit  radius 
so  that  each  element  of  the  wire  is  at  unit  distance  from  the  pole, 
(3)  and  take  a  magnetic  pole  of  one  unit  strength.  If  these  things 
were  done,  and  there  was  made  to  flow  through  the  wire  a  current  so 
strong  that  it  acted  on  the  pole  with  one  unit  of  force,  then  a  current 
of  such  a  strength  might  be  taken  as  a  standard  of  comparison ;  for 
a  current  that  was  twice  as  strong  would  exert  two  units  of  force  on 
the  pole,  and  so  forth.  But  in  order  to  be  exact  we  have  yet  to 
define  what  is  meant  by  "  one  unit  of  force  *'  and  "  a  magnet-pole  of 
one  unit  of  strength."  Here  again  we  have  to  go  to  experimental 
facts,  and  choose  such  as  will  best  suit  for  the  purpose  of  making  a 
consistent  system  of  units. 

A  force  must  be  measured  by  one  of  its  effects,  such,  for  example, 
as  these :  that  it  can  (i)  raise  a  given  mass  against  the  downward 
pull  of  the  earth ;  (2)  elongate  a  spring ;  (3)  impart  motion  to  a 
given  mass,  or  in  other  words  accelerate  it  The  first  of  these,  which 
would  seem  the  most  natural  to  select,  is  rejected  because  the  down- 
ward pull  of  the  earth  is  different  at  different  places,  the  second 
because  it  would  acquire  awkward  definitions  of  the  elastic  properties 
of  springs.  So  the  third  is  chosen,  and  to  make  the  definition 
precise,  it  must  be  remembered  that  experiment  proves  that  the 
velocity  of  motion  which  a  force  imparts  to  a  mass  is  proportional 
(i)  to  the  force,  (2)  to  the  time  during  which  it  is  applied,  (3) 
inversely  to  the  mass  acted  upon.  If,  therefore,  one  could  get  such 
a  force  that,  if  it  lasted  one  second  and  was  made  to  act  on  one 
gramme,  it  imparted  to  that  mass  a  velocity  of  one  centimetre  per 
second,  then  such  a  force  ought  to  be  called  the  unit  of  force.  This 
unit  has  received  the  name  of  "  one  dyne'^  It  may  be  remarked  that 
the  downward  pull  of  the  earth  on  a  mass  of  one  gramme  is  sufficient 
to  give  it  at  the  end  of  one  second  a  velocity  of  about  32  feet  per 
second,  or,  more  exactly,  981  centimetres  per  second  (in  the  latitude 
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of  London) ;  hence  it  is  clear  that  the  pull  of  the  earth  on  one 
gramme  (what  is  commonly  called  the  gramme's  weight)  is  equal  (at 
London)  to  981  dynes.  The  pull  of  the  earth  on  a  pound  (commonly 
called  the  pound's  weight)  is  444,971  dynes  (at  London).  A  pound 
at  the  Pole  would  weigh  445,879,  and  at  the  Equator  only  443,611 
dynes.  One  dyne  is  a  pull  equal  to  0*0157,  or  about  ^  of  the 
weight  of  a  grain  (at  London).  Now,  as  to  the  unit  strength  of  the 
magnet-pole  or  unit  of  magnetism :  a  magnet-pole  can  (i)  lift  a  piece 
of  iron;  (2)  repel  (or  attract)  another  magnet-pole  at  a  distance. 
The  first  of  these  two  effects  is  rejected  as  a  basis  for  a  definition  of 
a  unit  because  the  load  that  a  magnet-pole  will  lift  does  not  depend 
only  on  the  amount  of  magnetism  at  the  pole,  but  on  the  shape  and 
quality  of  the  piece  of  iron  lifted.  For  precise  definition  of  the 
second  effect,  upon  which  the  definition  is  based,  it  must  be  remem- 
bered that  experiment  has  shown  that  the  repulsion  of  one  magnet- 
pole  by  another  is  proportional  (i)  to  the  product  of  the  strengths  of 
the  two  poles,  (2)  inversely  to  the  square  of  the  distance  between 
them.  If,  therefore,  we  choose  two  similar  and  equal  poles  of  just 
such  a  strength  that  when  placed  at  unit  distance  apart  they  repel 
each  other  with  unit  force,  then  such  poles  will  possess  that  amount 
of  magnetism  that  ought  to  be  called  the  unit  quantity  of  mag- 
netism* 

We  may  now  retrace  our  steps  and  build  up  systematically  the 
units  of  the  C.G.S.  system. 

The  absolute  unit  offeree  ("  dyne  ")  is  that  force  which,  if  it  acts 
on  one  gramme  for  one  second,  gives  to  it  a  velocity  of  one  centi- 
metre per  second. 

The  unit  of  magnetism^  or  unit  magnet-pole,  is  one  of  such  a  strength 
that  when  placed  at  a  distance  of  one  centimetre  (in  air)  from  a 
similar  pole  of  equal  strength  it  repels  it  with  a  force  of  one  dyne. 

The  absolute  unit  of  current  is  one  of  such  a  strength  that  when 
one  centimetre  length  of  its  circuit  is  bent  into  an  arc  of  one  centi- 
metre radius,  the  current  in  it  exerts  a  force  of  one  dyne  on  a  unit 
magnet-pole  placed  at  the  centre. 

The  last  definition  is  difficult  to  realize  in  practice,  and  a  com- 
plete circle  of  one  centimetre  radius  is  more  easy  to  work  with  than 
an,  arc  of  one  centimetre  long  only.  If  the  radius  be  more  than 
one  centimetre  and  there  be  more  than  one  turn  of  wire,  as  in  most 
tangent  galvanometers,  then  a  formula  is  necessary.  Writing  r  for 
the  number  of  centimetres  of  the  radius,  the  length  of  circumference 
will  be  equal  to  2  Trr.  Then  writing  S  for  the  number  of  turns  of 
wire  in  the  coil,  and  /  for  the  strength  in  absolute  units  of  the  current, 
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the  formula  connecting  these  with  the  force  (in  dynes)  exerted  by 
the  current  on  a  unit  pole  at  the  centre  is : — 

whence 

2  IT  S  /         . 

—r=f' 

In  the  case  of  the  tangent  galvanometer,  the  force,  instead  ot 
being  measured  directly  is  ascertained  indirectly,  by  knowing  the 
value  (at  the  place  of  observation)  of  the  horizontal  component  of  the 
magnetic  field  due  to  the  earth's  magnetism,  commonly  represented 
by  symbol  H,  and  measuring  the  tangent  of  the  deflexion  produced 
on  a  magnetic  needle  hung  at  the  centre  when  the  coil  lies  parallel 
to  the  magnetic  meridian*    In  this  case/=  H  x  tan  8;  whence 

=  H  tan  0. 

r 

From  this  it  follows  that  if  S,  r,  H,  and  the  tangent  of  deflexion 
are  known,  the  strength  of  the  current  /  will  be  reckoned  by  making 
the  following  calculation : — 

I  =  - — ^  tan  8. 

2  wS 

(The  value  of  H  may  be  taken  as  o'i8  at  London,  and  of  the  fol- 
lowing values  at  other  places : — Glasgow  o  •  17,  Boston  0*17,  Montreal 
0*147,  Niagara  0*167,  Halifax,  N.S.,  0*159,  New  York,  Cleveland, 
and  Chicago  0*184,  Philadelphia  0*194,  Washington  0*20,  Berlin 
o"  178,  Paris  o*  188,  Rome  0*24,  San  Francisco  ©•255,  New  Orleans 
0*82,  Mexico  0*31,  Bombay  0*33.) 

Now,  the  current  that  is  so  strong  as  to  fulfil  the  above  definition 
is  £ir  stronger  than  anything  used  in  telegraphic  work,  being  about 
as  great  in  quantity  as  the  current  in  an  arc-light  circuit  Accord- 
ingly i?ie  practical  unit  of  current  is  fixed  at  one-tenth  part  of  the 
absolute  unit,  and  it  is  called  "one  ampere^  It  follows  that  the 
above  equation,  when  /  is  to  be  given  in  amperes,  must  be  altered  to 

%  = r~  tan  8. 

2?ro 

It  may  fiirther  be  noted  that  the  current  of  one  ampere  strength 
will  cause  the  deposition  in  i  hour  of  1*174  grammes,  or  18  •116 
grains  of  copper  in  a  copper  electrolytic  cell.  It  will  in  i  hour 
deposit  4*024  grammes,  or  60*52  grains,  of  silver  in  a  silver  cell. 
The  Committee  of  the  Board  of  Trade  in  their  Report  of  1891,  while 
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adopting  as  the  abstract  definition  of  the  ampere  that  given  above, 
also  add  as  a  secondary  or  working  definition  that  an  unvarying' 
current  whichy  when  passed  through  a  solution  of  nitrate  of  stiver  in 
water  (in  accordance  with  the  specification  attached  to  their  Report), 
deposits  silver  at  the  rate  of  o  •  ooi  iiS  of  a  gramme  per  second^  may  be 
taken  as  a  current  of  one  ampere.  They  add  that  an  alternating 
current  of  one  ampere  shall  mean  a  current  such  that  the  square 
root  of  the  time  average  of  the  square  of  its  strength  at  each  instant 
in  amperes  is  unity.  This  is  what  is  called  in  this  book  (see  p.  631) 
one  "  virtual  ampere." 

The  other  electrical  units  also  require  definition.    The  electro- 
motive-force  of  a  battery,  or  of  a  dynamo,  is  only  another  name  for 
the  power  which  it  possesses  to  drive  electricity  through  a  circuit. 
(Formerly  the  electromotive-force  of  a  battery  was  called  its  "  in- 
tensity" as  a  distinction  from  the  "quantity"  of  current  it  would 
furnish.)    It  is  also  sometimes  called  the  electric  **  pressure."     As 
a  basis  for  a  unit  of  electromotive-force  any  one  of  the  following 
experimental  facts  might  have  been  selected.    The  electromotive- 
force  is  proportional,  (i)  to  the  current  that  it  sets  up  in  a  circuit  of 
given  resistance ;  (2)  to  the  quantity  of  electricity  that  it  will  force 
as  a  charge  into  a  condenser  of  given  capacity;  (3)  to  the  number  of 
lines  of  magnetic  force  cut  per  second  by  a  conductor  moving  in  a 
magnetic  field.    The  first  of  these  would  do  if  the  unit  of  resistance 
were  given,  but  it  is  more  convenient  to  make  this  fact  the  basis  of 
definition  of  that  imit  rather  than  of  the  unit  of  electromotive-force ; 
the  second  is  useful  for  defining  the  unit  of  capacity ;  the  third  is 
selected  for  defining  the  imit  of  electromotive-force,  and  is  extremely 
appropriate  for  the  purpose,  as  it  is  the  very  principle  of  the  dynamo 
machine.     Clearly,  that  electromotive-force  ought  to  be  reckoned  as 
of  unit  value  which  is  produced  by  the  motion  of  a  conductor  cutting 
across  one  line  of  magnetic  force  in  one  second.    But  this  involves 
the  preliminary  definition  of  the  unit  line  of  magnetic  force.    This  is 
as  follows : — The  so-called  magnetic  lines  of  force  represent  by  their 
direction,  the  direction  of  the  resultant  magnetic  force  in  the  space 
through  which  they  pass :  the  space  traversed  by  magnetic  forces, 
and  lines  of  force  being  called  a  magnetic  "  field."    To  make  the 
number  of  magnetic  lines  xt^xQStu,t,.$iumericallyy  as  well  as  in  mere 
direction,  the  intensity  of  the  magnetic  forces,  the  following  device 
is  adopted.     Remembering  that  experiment  shows  that  the  pull  (or 
push)  which  a  magnetic  pole  experiences  when  placed  in  a  magnetic 
field  is  proportional  to  the  intensity  of  that  field,  let  there  be  drawn 
as  many  lines  to  the  square  centimetre  as  there  are  dynes  of  force 
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exerted  on  the  unit  pole.  For  example,  if  at  any  point  it  was  found 
that  the  magnetic  pull  on  a  unit  pole  was  40  dynes,  then  at  that 
place  we  should  draw,  or  imagine  to  be  drawn,  40  magnetic  lines 
all  packed  within  one  square  centimetre  of  sectional  area.  As  the 
earth's  horizontal  component  at  London  is  only  0*18  (dynes  on  the 
unit  pole)  it  follows  that  there  would  be  only  18  lines  passing 
through  an  area  of  100  square  centimetres  set  up  vertically  east  and 
west  Returning  to  the  definition  of  electromotive-force,  we  see 
that  if  the  moving  conductor  cuts  one  magnetic  line  in  one  second) 
the  electromotive-force  generated  will  be  of  unit  value  in  this 
absolute  CG.S.  system  of  measurement  But  such  a  unit  would  be 
ridiculously  small-^far  too  small  for  practical  use.  Measured  in 
such  units  the  electromotive*'force  of  a  single  Daniell's  cell  would  be 
represented  by  the  enormous  number  of  110,000,000,  and  a  Latimer- 
Clark  standard  cell  by  143,500,000  units.  Hence  practical  elec- 
tricians adopt,  as  their  workinj^  unit,  an  electromotive-force  one 
hundred  million  times  as  great  as  the  absolute  CG.S.  unit;  and 
they  call  the  practical  unit  *'one  volt'*  Hence  the  definition  of 
"  one  volt "  is  that  electromotive-force  which  would  be  generated  by 
a  conductor  cutting  across  a  hundred  million  (10^)  magnetic  lines 
per  second.  The  electromotive-force  of  a  DanieU's  cell  is  about 
!•!  volts;  that  of  Clark's  standard  cell  i'43S  volts.  The  Board 
of  Trade  accepts  this  figure  as  being  within  i  per  cent  of  the  true 
value.  The  appropriate  instruments  for  measuring  volts  is  called  a 
volt-mettr.  For  alternating  electromotive-forces,  the  unit  legally 
recognized  by  the  Board  of  Trade  is  that  called  in  this  book  (see 
p.  631)  "  virtual  volts." 

We  come  then  to  the  unit  of  electrical  resistance.  It  is  found  by 
experiment  that  the  current  which  is  produced  in  a  circuit  by  applying 
a  given  steady  electromotive-force  depends  on  the  resistance  offered 
by  the  circuit  to  the  flow  of  electricity,  the  current  being  less  as  the 
resistance  is  greater,  in  accordance  with  the  famous  law  discovered 
by  Dr.  Ohm. 

Ohm's  law,  in  fact,  states  that  the  current  is  directly  proportional 
to  the  electromotive-force  that  is  exerted  in,  and  is  inversely  propor- 
tional to  the  resistance  of,  the  circuit  If  the  symbol  E  stands  for 
the  number  of  units  of  electromotive-force,  and  R  for  the  number  ot 
units  of  resistance  of  the  circuit,  and  /  for  the  current  that  results, 
then  Ohm's  law  will  be  written  : — 

E 
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0 

or,  the  resulting  current  can  be  calculated  by  dividing  the  ntiinber 
of  units  of  electromotive-force  by  the  number  of  units  of  resistance. 
Another  way  of  writing  Ohm's  law,  which  is  useful  when  it  is  desired 
to  calculate  the  electromotive-force  that  will  drive  any  prescribed 
current  through  a  given  resistance,  is 

E  ==  R/. 

Now  suppose  we  had  an  electromotive-force  equal  to  one  absolute 
C.G.S.  unit,  and  we  required  to  produce  by  its  means  a  current  of 
unit  strength  as  previously  defined  in  the  absolute  system,  it  would 
be  requisite  to  adjust  the  resistance  of  the  circuit  to  a  definite  value  ; 
and  that  value  would  be  extremely  small,  otherwise  such  a  minute 
electromotive-force  could  not  maintain  so  large  a  current.  Never- 
theless this  very  minute  resistance  would  be  rightly  taken  as  the 
unit  in  the  absolute  C.G.S.  system,  for  then  Ohm's  law  would  be 
numerically  fulfilled  as 

one  unit  of  electromotive-force 


one  unit  of  resistance 


=  one  imit  of  current. 


But  as  there  are  already  practical  units  of  electromotive-force  and 
of  current,  so  there  is  required  a  practical  unit  of  resistance  to  cor- 
respond. And  reflection  will  show  that  the  practical  unit  must  be 
a  thousand  million  times  as  great  as  the  absolute  unit  For  then, 
again,  Ohm's  law  will  be  fulfilled  as 

one  hundred  million  C.G.S.  units  of  dectromotive-force 
one  thousand  million  C.G.S.  units  of  resistance 

=  one-tenth  C.G.S.  unit  of  current 

The  name  of  ^'  one  ohm  "  is  given  to  this  practical  unit  of  resist- 
ance ;  and  many  researches  have  been  made  to  determine  its  working 
value.  The  British  Association  Committee  produced  standard  wire 
coils,  which  were  long  accepted  as  being  exact  oAms,  but  they  are 
now  known  to  be  all  slightly  too  low  in  resistance.  In  i88a  the 
International  Congress  fixed  upon  fAe  value  of  the  ohm  as  being  a 
resistance  equal  to  that  of  a  column  of  mercury  one  square  millimetre  in 
crosS'Sectiony  and  io6  centimetres  long  (measured  at  the  freezing-point 
of  water).  According  to  Lord  Rayleigh's  most  careful  measurements, 
the  true  ohm  ought  to  be,  not  io6,  but  106*3  centimetres  long.  The 
Report  of  the  Committee  of  the  Board  of  Trade  adopts  this  more 
exact  value  and  makes  it  the  legal  definition  of  the  ohm  in  Great 
Britain.* 


Appendix  A.  815 

The  resistances  of  wires  and  circuits  are  measured  in  practice  by 
comparing  them  with  certain  standard  "resistance  coils,"  sets  of 
which  are  often  employed  arranged  in  "resistance  boxes" ;  the  par- 
ticular instruments  employed  in  making  the  comparison  being  of  two 
kinds,  namely,  the  diflferential  galvanometers  and  the  Wheatstone's 
bridge.  For  further  information  the  reader  must  refer  to  the  text- 
books on  electric  testing. 

A  rough  and  ready  idea  of  the  resistance  called  "  one  ohm**  may 
be  obtained  by  remembering  that  a  mile  of  ordinary  iron  telegraph 
line  offers  from  13I  to  20  ohms  resistance. 

Another  unit  is  required  by  electricians,  namely,  a  unit  olpower^ 
in  which  to  express  the  quantity  of  work  per  second  done  in  any 
electrical  resistance. 

To  measure  the  rate  at  which  work  is  done  by  a  current  in  a 
wire,  or  in  a  lamp,  or  other  thing  supplied  with  electric  power,  we 
must  measure  both  the  amperes  of  current  that  are  running  through 
it,  and  the  volts  of  electromotive-force  that  are  actually  applied  at 
that  part  of  the  circuit,  and  having  found  the  two  numbers  we  must 
multiply  them  together.  For  just  as  engineers  express  power  mechan- 
ically as  the  number  of  "  foot-pounds "  expended  in  a  given  time, 
so  the  electrician  expresses  electric  power  as  the  number  of  "  volt- 
amperes."  The  more  convenient  name  of  "  one  watV^  is  given  to 
the  unit  of  electric  power.  Calculation  shows  that  one  "  watt "  or 
**  volt-ampere  "  is  equal  to  one  seven-hundred-and-forty-sixth  part  ot 
a  horse-power. 

As  an  example  of  calculation  of  electric  power  the  following 
may  be  taken.  It  was  required  to  ascertain  the  power  expended  in 
maintaining  a  certain  arc  lamp.  The  voltmeter  showed  an  electric 
pressure  of  57  volts  between  the  terminals  of  the  lamp,  and  the 
amperemeter  showed  a  current  of  10*5  amperes  running  through  it 
The  product  is  59^*5  watts.  Dividing  by  746  to  bring  to  horse- 
power, we  get  o'8o,  or  eight-tenths  of  a  horse-power.  The  name 
kilowatt  is  given  to  1000  watts.  One  kilowatt  is  slightly  more  than 
li  horse-power.  As  a  unit  of  electric  energy,  the  legal  quantity 
recognized  by  the  Board  of  Trade  for  the  purposes  of  public  supply, 
is  that  amount  of  energy  supplied  in  an  hour  by  a  circuit  delivering 
power  at  the  rate  of  1000  watts ;  or,  briefly,  the  Board  of  Trade  unit 
is  one  kilowatt  hour. 

The  unit  of  self-induction,  called  by  various  names,  secohm^  quad 
or  quadrant^  and  henry ^  is  a  derived  unit  of  modem  origin.  When- 
ever a  current  is  varying  in  strength,  it  will,  if  carried  round  a  coil, 
set  up  magnetic  lines  which  as  they  alter  in  number  act  inductively 
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on  the  convolutions  of  the  conductor,  and  set  up  induced  electro- 
motive forces  which  tend  to  oppose  the  change  in  value  of  the 
current.  The  symbol  used  for  a  coefficient  of  self-induction  is 
usually  L :  and  bears  the  meaning  that  if  unit  cunent  were  suddenly 
turned  off  or  on  in  the  circuit  in  question,  the  resulting  amount  of 
cutting  of  magnetic  lines  by  the  convolutions  of  the  circuit  would 
have  the  value  L.  The  practical  unit,  to  correspond  with  volt,  ohm, 
&c.,  is  taken  as  lo*  C.G.S.  units,  or  one  ohm-second ;  or  a  coil  will 
be  said  to  have  as  the  ^'alue  of  its  coefficient  one  henry  (or  quadrant^ 
or  secohm)  if,  when  unit  current  is  turned  on  in  it,  the  cutting  of  its  own 
magnetic  lines  which  results-  is  as  much  as  if  lo^  magnetic  lines  had 

been  each  cut  once  by  a  single  convolution.    If  the  rate  of  change 

J* 

of  current  at  any  time  be  expressed  as  -r ,  then  the  resulting  self 

at 

induced  electromotive-force  opposing  the  change  will  be : — 

dt 

For  a  given  form  and  volume  of  coil,  the  coefficient  of  seli- 
induction  is  proportional  to  the  square  of  the  number  of  convolutions. 
The  presence  of  an  iron  core  vastly  increases  the  self-inductive  effects, 
but  renders  the  coefficient  of  self-induction  a  variable  quantity  because 
of  the  variations  in  the  permeability  of  the  core.  The  instrument 
devised  by  Ayrton  and  Perry  for  measuring  coefficients  of  sel^induc- 
tion  is  called  a  secohmmeter.  For  further  details  the  reader  is  referred 
to  treatises  on  the  theory  of  electricity.  He  should  also  consult  a 
valuable  article  by  Mr.  Kennelly  in  Electrical  Warldy  xvL  452,  1890. 
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On  Wires. 

On  p.  422  were  given  some  data  respecting  the  sizes  of  wire  found 
suitable  in  practice  for^  winding  dynamos  for  different  currents. 
Other  data  are  to  be  found  in  the  detailed  descriptions  of  various 
machines  in  other  parts  of  this  book.  Further,  on  p.  425  wefe  given 
some  formulae  for  calculating  the  weights  of  wire  needed  for  magnet 
coils.  The  question  of  heating  in  relation  to  current-carrying  capacity 
was  also  treated  in  Chapter  XV.  in  some  detail. 

A  few  further  points  may  be  added  here  founded  upon  information 
given  by  wire-makers,  and  in  particular  by  the  London  Electric  Wire 
Company. 

The  usual  insulation  for  round  wires  of  a  greater  diameter  than 
No.  16  S.W.G.  is  a  double  cotton  covering  which  increases  the 
diameter  by  amounts  varying  from  10  to  20  mils,  but  which  usually 
averages  14  mils.  For  smaller  sizes,  from  No.  18  to  No.  22  S.W.G., 
the  usual  double  cotton  covering  is  an  addition  of  12  mils.  Square 
we  is  usually  double-cotton  covered  to  20  mils  additional,  or  is 
sometimes  braided.  Laminated  square  wire,  /.  e,  made  of  a  number 
of  narrow  strips,  is  usually  braided  to  about  an  equal  amount  Since 
stranded  wires  came  in  for  armature  winding,  several  modes  of 
insulating  have  been  adopted,  and  one  maker  employs  a  cable  of 
37  wires,  each  No.  15  S.W.G.,  each  single  cotton  covered;  the 
whole  being  double-cotfon  covered  to  16  mils  additional,  or  braided 
to  20  mils.  For  transformer  windings  at  high  voltage  a  frequent 
practice  is  to  wind  a  much  thicker  cotton  insulation  for  subsequent 
immersion  in  oil.  For  example,  a  No.  23  S.W.G.  wire  is  cotton 
covered  to  40  mils  additional,  thus  nearly  doubling  the  weight  of  the 
wire. 

Annexed  is  a  table  useful  in  magnet  winding,  showing  the  pro- 
bable heating,  and  greatest  permissible  depth  of  winding  at  various 
amperages.  It  is  to  be  remembered  that  2000  amperes  per  sq.  in. 
is  a  common  density  of  current  for  field-magnets  \  whilst  armatures 
run  to  3000  or  more. 
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Page  408,  line  2  from  bottom,  yj^r  "  71, 170,000  '*  read  "  7, 1 70,00a' 
„    418,  line  9  from  top,  for  "6*51  cms. "  read  **  16  •  5 1  cms.** 
„    461,  line  17  from  bottom,  for  "  brush  "  read  •*  Brush." 
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Absolute  system  of  Units  (Appendix  A.) 
Accumulators,  Charging  of 
Achard,  on  Efficiency  of  Motors 
Act,  the,  of  Commutation 
Activity  (j^tf  Power) 

„      Maximum,  of  Motor 
Adams,  W.  Grylls,  Tests  made  at  Crystal  Palace  Exhibition 
„  „        Inaugural  Address 

„  „        On  Alternate-current  Dynamo 

Admiralty,  Rule  of  Heating 
"  Agir  "  Motor  {see  Anderson). 

Air  Blast 

xvir  v^ap       .■  ••  ••         ••         ••         •• 

Algebraic  Theory  .. 
Alioth's  Dynamos 
Allan's  Armature    .. 
Allen,  W.  H.  &  Co. 
Allgemeine  Company 
*' Alliance  "  Machine 
Allignment  of  Bearings    .. 
Alsacian  Co.'s  Dynamos  •• 
Alteneck,  von  Hefner- 
Altemate-Currents,  distribution  of 

principles  of 
measurement  of    .. 
„  „        multiphase  .. 

Alternate- Current  Dynamos  {see  Alternators^ 
Alternators,  Coupling  of  .. 

Theory  of     .• 

Excitation  of 

Field-magnets  for    .. 

Theory  of  Armature  Winding 

Collecting  Arrangements  for 

Permissible  Speed  of 

Constant-current 

High  Frequency 

Multiphase    .. 

Inductor 
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Alternator,  Mordey's 

„       (Inductor)   .. 
Alliance 

Blakey-Emmott's 
Brown's  (Three-Phase) 
Elihu  Thomson's       ..         •• 
,y  „  (Inductor) 

El  well-Parker's 
Ferranti's 
Gordon's 
Hopkinsons'    .. 

J^kcLL/Lj  3*a  mm  ••  •■  •• 

Kingdon's  (Inductor) 

Kennedy's      „ 

Parsons'  ., 

Siemens' 

Stanley's  (Westinghouse) 
„         (Constant  Current) 

Zipemowsky's  (Ganz's) 
Amperage,  permissible  in  wires  .. 
Ampere's  Rule 

v4w/^r^,  the,  Unit  of  Current     .. 
Ampere-turns         ..  ..  ..      125,  150,  181, 

Andersen  and  Girdlestone,  their  Motor 
Angle  of  Lag 

Lead  of  Brushes . . 
Polar  Span 
Angular  Velocity   •• 
Apparent  Resistance 

■•  W  ClLbd  ••  •«  ••  ••  •• 

Arc  Lighting,  Dynamos  for 

Brush's 


V 


9> 
}> 

» 
» 


» 


Thomson- Houston 

Ball's 

Sperry's 

Wood's 

Edison^s  Municipal 

Phoenix 

Statter's 

Schuyler's  .. 

Stanley's  (Alternator) 


Arc,  Voltaic 
Armature  Coefficient 
Armatures,  Balancing  of 
Binding  of 
Bar       .. 
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408,411,419,602,724 

384,     612 

627,  630,  634,  636,  743 

83,37,436,587 

•.      79i  403,  437,  650 

108,421,675 

95,629 

636,739 

•  •  •  ■      44/ 

455 

•  •  •  •  •  •      404 

•  «  ••  ••     47^ 

•  •  ••     47> 
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..273,274,447 
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354,  39h  805 

43,  1x3,349,355.659 

356,  363,  487,  509,  547 
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Armatures,  Burning-out  of  ..         ..         ..  ..         ..     803 

Function  of    ..         ..         ..         ..  ..      2,35,208 

Driving,  Contrivances  for 347i  354i  487 

Disconnexions  in       ..  ..         ..  ..  ..         ••     804 

Classification  of        ..  ..  ..  ..41,314,640 

Construction  of         342,'3s6, 640 

Coils  of  ..         ..         ..         ..         ..         ..         ••     301 

„        Method  of  securing  {see  Binding  of). 

Cores  of  42, 342,  401,  407,  421,  643,  653 

Diameter  of    ..         ..         ..  401,  402,  431,  654,  666,  676 

Disk 16,41,45,337,544,645 

Drum 41,303,318,326,361,643 

Pole     ..         ..         ..         ..         ..         ..         ••  4^,  644 

Ring 36,41,302,315,343,640 

Closed  Coil     ..         ..         ..         ..         ..         ..  39, 314 

Open  Coil 17,449,473 

Heating  of    ..         ..  ..         ..       353,422,426,681,803 

Hole  {^see  Perforated). 

Limit  of  Load  of 435,439,654,681 

Length  of       98,401,403,431,440,444,654 

Induction  by  ..         ,.         ..         ..         ..        36,73,474,619 

Induction,  Magnetic,  in       ..         ..         ..401,  422,  65.1,  656 

Insulation  of 45,353,355,455,655,672 

Perforated       ..  ..         ..  ..  ..  346, 490, 688 

Radial  Depth  of        ..  ..         ..         ..         ..        401, 421 

Section  of       ..         ..         ..         ••         ..         ..         40, 400 

Reactions  due  to        ..         ..         ••         74,  436,  544*  585,  653 

•bpiders  ••         ••         ••  ■•         ••  ••         ••     347 

Ventilation  of 203,  347,  349,  353,  489,  681 

Winding  of      ..  ..  ..         ..        301,358,399,422,487 

Shuttle-wound  12,  33,  359,  361,  552 

Lamination  of ..  ..  ..       45,96,342,461 

Misused  to  Magnetize  Field-Magnets       ..    '      ..  92, 588 

with  several  Independent  Circuits  ••         ..  315,  509,  539 

Formulae  for  Winding  ..         ..         ..         ..         .,315 

Arnold's  ..         ..         ••         ..         ..         ..         ..     529 

Alioth's  ..         ..         ..         ..         ..         ..        331, 372 

Bollmann's      ..         ..         ..         ..         ..         ..        339,  546 

Brown's  ..         ..         ..         ••         ..  ..         ..     346 

Brush's  ..         ..         ..         ..         ..         ..  17, 462 

Biirgin's  ..  ..  ..  ..  ..  ..  ..     345 

Crompton's     ..         ..         ..         .•         ..         ••         «•     349 

Desroziers*      ..         ..         ..         ..         ..         ..         ..     339 

Cdison's  ••         ••         ••         ..         ..         ••         ••     364 

Eickemeyer's  ..         ..         ..         ..         ..         ..         ..     371 

Ferranti's        ..         ••         ..         ••         ..         ..        669, 672 
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Armatures,  Fritsche*s       ..         ..         ..         ..  ..  ••  ..       44 

,y        Gramme's       ..         ..         ..         ..  ••  ..  ■.     344 

,,        Hookham's     ..         ..         ..         ..  ..  ..  ..     339 

yy        ivapp  s  ••          ••          ■•          ••          ••  «•  ••  ••     4^so 

),        Hopkinson's    ..         ..         ..         ••  ••  ••  .•     3^ 

J,        Lontin's           ••         ..         ••         ••  ••  .*  ••       16 

„        Mordey's  Multipolar  ..         ..         ..  ..  ..  ..     335 

99             9y        Alternate     ..         ..         •>  ..  ..  ..     679 

„        PacinottPs       ..         ..          ..         ..  ..  149116^346,545 

,,        Perry's  Multipolar     ..         ..         ..  ..  ..  ..     337 

„        Schuckert's     ..         ..         ..         ..  ..  ..  ..     523 

^y        oiemens  s         «■         ••         ••         ••  ••  «•  ••     3^^ 

yy        otanJey  s         ••         ■•         ••         ••  ••  ••  ••     ^57 

yy        Sturgeon's       ..       • ..         ..         ..  ••  ..  ..       33 

„        Swinburne's  {see  Crompton's). 

„        Thomson-Houston's  ..         ..         ..  ..  ..  ..     466 

„        Wallace-Farmer's ..  ..  ..     545 

•y        vv  iiQe  s            ••          ••         ••          ••  ••  ■•  ••     04^ 

yi         w  oQica  s          ••         ■•         ••          ■•  a*  ••  '"j*7 

Arnold,  on  Theory  of  Winding   ..         ..         ..  ..  21,302,315,337 

Arnoux,  R,,  on  Theory  of  Winding       . .          . .  . .  . .  302,  339 

^         on  Effect  of  Gap  Space      ..         ..  ..  ..  ..     434 

„         on  Load  Curves        ..          ..         ..  ..  ..  ..     435 

Ascending  Curves  of  Magnetism           ..          ..  ..  ..  142,182 

Atkinson,  LI.  B.  {see  also  Goolden). 

„             Unipolar  Dynamo          ..         ..  „  ..  ..     544 

„             Alternate-current  Motors          ..  ..  ..  ..     702 

„             Mining  Motor     ..         ..         ..  ..  ..  ..     615 

„             Mining  Drill        ..         ..          ..  ..  ..  ,.     617 

Auerbach  {see  Meyer). 

Automatic  Regulator  {see  Governors). 

Auxiliary  Reversing  Pole..          ..          ..         ..  ..  ..  93*  441 

Average  Electromotive-force       ..          ..          ..  ..  ..  211,631 

Ayrton,  W.  E.,  on  Demagnetizing  Effect  of  Armature  ..  92,  58S 

„      on  Capacity  and  Size     ..          ..          ..  ..  ..  ..     119 

Three-voltmeter  Method          ..         ..  ..  ..  ..635 

and  Perr>'  Commutator 

Dynamo 

Dynamometer 

Magnetic  Shunts       ..          ..  ..  .,  ..     ico 

Motor  ,.          ..          ,.          ..  ..  ..  592, 6oy 

Theory  of  Governing  Motors  ..  595,  597,  602 

on  Measurement  of  Discontinuity..  ..  ••     222 

on  Apparent  Resistance  of  Armature  ••  ..       95 

on  Proper  Thickness  of  Winding  ..  ..  ..     455 

on  Curves  of  Torque            ..  .-  ..  ..115 

on  Transmission  of  Power  ..  ..  ..  ..     560 
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354, 


356,  363,  487, 


n 
)9 


394, 
36,  183,  196, 


B. 

Babbitt  Metal,  for  Bearings 

Back  Electromotive-force  {.see  Counter  Electromotive-force). 

„    Induction      ..         

Baker,  on  Self-excitation 

Baking  Armatures  in  Stove 

Balancing  of  Armature     .. 

Ball-bearings 

Ball's  Arc-light  Dynamos . . 

Bar  Armatures       ..         •• 

Barley  and  Stevenson's  Brush-holder    .. 

Barlow's  Wheel 

Bars  of  Commutator  {see  Commutator). 
Baumgardt,  M.,  on  Compound  Winding 
Bearings,  Proper  Design  of 

Thrust    ..         ..         ••         •• 
Pressure  on 
„        Lubrication  of  .. 
Bed-plates   ••         .. 
Bell,  Louis,  on  compound  Winding 
Belts  for  Driving  .. 
Bending  Moment  of  Shafts 
Berlin  Central  Station  Dynamos 
Benin,  on  Shunt-winding 
Bidwell,  S.,  on  Magnetization  of  Iron    .. 
Bifurcation  of  Current 
Binding  wires  of  Armature 

„  „  proper  size  of 

Blakesley,  T.  H.,  on  Phase  of  Alternations 

„  „       Three-dynamometer  Method 

Blakey,  Emmott  &  Co.'s  Dynamos 

„  „  Alternators     .. 

Board  of  Trade  Unit 
Bobbin  {see  Armature). 
Bollman's  Armature 
Bosanquet,  R.  H.  M.,  on  Magnetization  of  Iron       134,  i35»  U^, 
Baurbouze's  Motor  ..         ••         •• 

Brackett,  Cyrus  F.  (his  Dynamometer) 
Bradley,  on  Multipolar  Winding 

„       Multiphase  Motor 
Branched  Magnetic  Circuits 
Break-down,  causes  of 
Breguet,  Antoine . . 

Brett,  Jacob,  his  self-exciting  machine  .. 
Brotherhood's  Coupling    .. 
Brown,  C.  E,  L.,  his  Dynamos    ..         ..  I97>  39^i  49^,  54o>  544, 
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..       89 

..       13 

358,  378 

391,  805 

..  394 
..  476 
509*  547 

..     385 
18 
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43,  "3,349, 


..  300 
..  392 
393,  680 
..  387 
675,  682 
396,800 

..     300 
396,800 

391,  805 

..     512 

16 

137,  147 
..  30' 
355,  659 
..  355 
..     628 

..  633 
..  201 
386,  661 
..     816 

339,  546 
167,  172 

..     550 

232,  789 

..     333 

..     714 

205 

377,  802 
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10,  12 

..     397 
759,  766 
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Brown,  C.  £.  L.,  Pierced  Core-disks     ..  .«  ..            347,  490,  688 

„              Multiphase  Alternator  ..  ..          ..         ..     688 

„                      „          Motor       ..  ..  ..          ..          ..      713 

„             Transformer     ..         ..  ..  ..         ..         ..     73^ 

n             Field-Magnets  ..         ..  ..  200,  204, 689 

„              Mode  of  Driving  Core-disks  ..  ..  ..          ..      351 

„             Slidii^  Contact  Device  ..  ..         ..        386, 689 

„             Design  of  Shaft           ..  ..  ..          ..         ..      392 

Brush's  Armature ..     454 

„     Automatic  Regulator       ..          ..  ..  ..          ..          ••      772 

yy     Commutator          ..         ..         ..  ..  ..         ..         ..     457 

„     Induction-sheath..         ..          ..  ..  ..         ..          ..     454 

„     Motor         ..         ..         ..         ..  ..  ..         ..          ..      595 

„     Compound-winding          .          ..  ..  ..         ..          ..        59 

„     Dynamo     ..                     ..         ..  ..  ..          ..  I7i  454, 457 

„            „        Characteristic  of         ..  ..  ..         ..          ..     256 

„           „        Teazer  Circuit  of        ..  ..  ..         ..          59»  SS^ 

Brushes,  the           ..         ..         ..         ..  ..  ..      2,32,35,41,379 

„       Automatic  Adjustment            ..  ..  470,478,768 

„       Difference  of  Potential  at       ..  ..  70,226,228 

„       Lead  of ..  83,86,87,436,587 

„        Proper  Width  and  Thickness  of  ..  ..             87,380^539 

„        Rotating             ..          ..          ..  ..  ..          .*          ..     380 

„        Carbon    ..                     ..          ..  ..  ..            380,  382,  532 

Brush-holders        ..         ..         ..         ..  ..  ..         ..     382 

Biirgin  {^see  Crompton). 

C. 

Caban ELLAS,  G.,  on  Motor-generators ..  ..720 

„           „    on  Apparent  Resistance  of  Armatures  ..       95 

Cabella's  Dynamo  ..         ..         ..         ..  ..  ..         ..         ..     200 

Calculations  in  Designing           ..         ..  ..  404,438,608,650,759 

Capacity  of  Machines       ..         ..  ..  ..    117,438,608,654 

Carbon  Brushes    ..         ..  ..  ..    380,382,532,661 

„      Plates  in  Rheostat         ..         ..  ..  ..         ..         ..     773 

Cardew's  Voltmeter          ..         ..         ..  ..  ..         ..         ..     631 

„       Researches  on  Phase  ..         ..  ..  ..          ..          ..     731 

„       Method  of  Testing       ..         ..  ..  ..         ..         ..     790 

Carhart  on  Magnetic  Leakage    ..          ..  ..  ..          ..          ..184 

Cast  Iron  {see  Iron). 

Causes  of  Sparking          ••         ..         ..  ..  ..             83,436,441 

Central  Station  Dynamos*          201,  370,  487,  489,  509,  510,  516,  520,  523, 

525,  530,  657,  666,  668,  674,  681,  686 

Centrifugal  Force  on  Armatures..         ..  ..  ..            li  39  1X9^355 

„         Governors  of  Motors           ..  ..  ..         .,        501,594 

Chamberlain  and  Hookham's  Dynamos  ..  ..         ..         ..     346 
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Characteristic  Curves  of  Dynamos        ..  230,  245,  266,  296,  299,  433 

External  ..  ..  ..         ..         ..     256 

Internal    ..         ..  ..  ..          ..          ..     261 

Discovery  of       ..  ..  ..          ..         ,.     246 

Method  of  taking  ..  ..          ..     247 

Predetermination  of  ..  ..         ..         175,181 

Drooping  of        256,479 

and  Horse-power  Lines . .  ..  ..         ..     249 

Mechanical,  of  Motors  ..  ..  574»  577>  604 

Charging  Accumulators   ..                    ..  ..  ..         ..        275,277 

Chwolson's  Researches     ..         ..         ..  ..  ..         ..167 

Circuit,  Electric     ..                               ..  ..  ..         ..         ..       27 

„      Magnetic   ..         ..         ..         ..  ..  ..         ..        171,409 

y,       v^pcn          ••          ••          ■•  ••  •■          >•          ■•     43^ 

,,            X  Co2vl              ••                 ••                 ••                 ••  ••  «•                 «•                 ••            jTy 

Circiunflux  (or  Circulation  per  Pole)     ..  ..  ..        437, 438 

Clark's  Dynamo     ..          ..          ..         ..  ..  ..     197 

Oark,  Muirhead  &  Co.     ..  ..         197,534 

Clarke's  Magneto  Machine                    ..  ..  ..         ..         ..         5 

Classification  of  Machines                     ..  ..  ..         1,41,49 

*„          of  Armatures         ..  ..  41,311,356,639 

„  of  Motors 576,5918,605,640 

„  of  Alternate-current  Motors  700,710 

Oausius,  R.,  on  Theory  of  Dynamo      ..  ..  ..          ..  20,  loi,  237 

Clearance    ..         ..         ..          ..         ..  404,443,445,475,490 

Clerk-Maxwell  (see  Maxwell). 

Closed-coil  Armatures      ..         ..  ..  ..              39, 314, 7o7 

Coercive  Force      ..                    ..         ..  ..  ..         ..         ..     159 

Collector  {^ee  Commutator). 

„       of  Alternator -35,373,386,648,674,806 

Combination  Methods  of  Winding  Magnets  ..  56,  280,  598,  659,  747 

Commutation,  the  Act  of . .         ..         ..  ..  ..             85,222,587 

„            Diameter  of         33,44,76,83,324,587 

Commutator,  Function  of  ..  2,30,32,35,41,64,374,587 

Insulation  of                    ..  .•  ..         ..         375, 807 

Potential  at            ..          ..  ..  ..          ..           68,460 

Construction  of     ..         ..  ..  ..         ..         ..     373 

External     ..         ..         ..  ..  ..         ..        512,  547 

Proper  size  of        ..         ..  ..  ..         ..         ..     379 

Flats  in       ..         ..          ..  ..  ••          .*          ••     805 

Brush's       ••         ..         ..  ..  ..         ..         ••     457 

Crompton's            ..          ..  ..  ..         ..         ..     374 

Hochhausen's        ..         ..  ..  ..         ..     375 

Paterson  and  Cooper's     ..  ..  ..         ••         ••375 

Holmes's    ..         .•         ..  ..  ••         ••         .•     5^7 

Hopkinson's          ..         ..  ..  ..         ..         ..     521 
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Commutator^  Giilcher's 

••         •  • 

PACS 
..          376 

99 

Kapp's        

•  •         •  ■ 

..          376 

>y 

Siemens's    .. 

•  *         •  • 

..          508 

» 

Edison-Hopkinson's 

•  •         ■  • 

521 

99 

Immisch's  .. 

•  •         •  • 

611 

99 

Mountain's 

•  •         ■  • 

..          529 

99 

for  Alternators 

■  •         •  • 

373,  652 

99 

Deterioration  of    .. 

••         •  • 

802,  805 

99 

Elihu  Thomson's  .. 

•  •         •  • 

..      467 

99 

Ventilation  of        ..         .. 

•  ■         •  • 

375,  472 

Compensating  Coils         

280,  28s,  436,  5989  659,  747 

99 

Poles 

•  •                   •  • 

93,  441 

Composite  Excitation       

•  •                  •  • 

56,  6S9 

Compound  Winding        

] 

[3,  18,  60,  280,  597 

99 

„        Best  Method  of    .. 

•  •         •  • 

.-      294 

99 

„        Theory  of  .. 

•  •         •  • 

..     289 

99 

„        Brush's 

■  •         •• 

..      454 

99 

„        Crompton's 

•  •         •  • 

..      280 

99 

„        of  Motors  .. 

« «         •  • 

5909  597,  603 

99 

1,        Esson  on    •• 

■  •         •  • 

..      299 

99 

„        Frolichon.. 

•  •         •  ■ 

..      292 

99 

„        Giilcher's   •• 

•  •         •  • 

..299 

99 

„        Siemens's  .. 

•  •         ■  • 

2939  508,  509 

99 

„        Watson's    .. 

•  •         •  • 

..     60s 

99 

„        E.  Thomson's 

•  k                         •  • 

294, 473,  659 

99 

„        Slow-acting 

•  •                         •  • 

..     295 

Compression,  Effects  of,  on  Magnetism 

•  •                         •• 

156,  353 

Connectors  of  Armature  .. 

•  •                         •  • 

3639  369,  378 

Connexions 

,  Theory  of 

•  •                          •  • 

301,  363 

99 

Faults  in 

■  ■                         •  ■ 

..     804 

Consequent 

xrOies   ••             ••             ••             •• 

•  •                         •  • 

..     198 

Constant-current  Distribution     .. 

56,27794489574,753 

99 

„        Dynamos 

•  •                          •■ 

..     447 

99 

„       Alternators 

•  •                         ■  ■ 

..     686 

99 

„       Regulators 

•  •                          •  ■ 

..     769 

99 

„        Motors 

•  •                            a  • 

607,  616 

99 

„       Transformers  .. 

•  •                           •  ■ 

..     747 

Constant-potential  Distribution  .. 

•  ■                            •• 

56,  574,  753 

99 

„         Dynamos       •• 

•  •                            •  • 

..     277 

Construction,  Principles  of 

•  •                            •  • 

..     342 

Contact,  Line  of,  on  Commutator 

•  •                           •• 

83,  801 

Contact-Rings  of  Alternators     .. 

.-        3739 

386,  648,  674, 806 

Continuity  of  Currents 

•  •         •• 

38,  214 

Continuous-current  Machines     .. 

•  •         « • 

..35936 

99 

„       Transformers 

•  •         •  • 

..     748 

Conversion, 

Efficiency  of.. 

•  •         •• 

116,791 
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Converters  {^ee  Transformers). 
Cooke  {see  Wheatstone). 

Cooling-surface      ..         ••         ..         ..            425, 429, 443 

Copper,  Deposition  of      ..         ..         ..         ..  ••         ..         ..     540 

,y        Quality  and  Quantity  of  , 422,  436 

yy       in  Armature,  Weight  of           ..         ..  ..         ..         ..     425 

},        Heat  Lost  in      ..         ..         ••         ••  ••         ••         ••     4^3 

Cores          45i  97»  342,  401,  407,  461,  644,  734 

„     Lamination  of          ..          ..         ..         ..  4$)  96>  342, 461, 734 

,y     Eddy-currents  in     ..         ••         ..         ..  ..         ••          97)4^1 

Core-disks,  diameters  of  ..          ..         ..         ..  ..         ..        401,421 

„        Choice  of        ..         ..         ••         ..  ..         ..         ..     4^^ 

„        Radial  Depth  of         ..          ..          ..  ..          ..        401, 421 

„        Toothed          ..         ..                    ..  ..            346,493,528 

„        Perforated       ..         ..         ..         ..  ..    347»  490, 688, 714 

„        Segmental       ..         ..         ..          ..  ..           343}  ^^i  6^7 

„        Thickness  of  ..          ..          ..          ..  ..      98,342,421,654 

„        Modes  of  Driving      ..         ..         ..  ..            347>  35i>  528 

M        Insulation  of  ..         ..         ..         ••  459  3439  487}  5*189610, 654 

„        Ventilation  of ..         ..         ..         ..  ..           347>  353>  489 

Cost  of  Field-magnetism..         ..         ..         ..  52,  415,  425,  682,  689 

Counter  Electromotive-forces  in  Armature  of  Dynamo         ..  87,  768 

„                  „             „      of  Motor           ..  ..           553t554»7oi 

„                   „              „       of  Self-induction  ..   622,628,729,817 

„                   „              „       in  Voltaic  Arc  ..  ..          ..          ..     447 

Couple  {see  Torque). 

Coupling  of  Dynamos      •»          ..          ..          ..  689,795 

Couplings  for  Direct-driving       ..         ..          ..  ..         ,.     397 

Creeping  of  Magnetism    ..         ..          ..          ..  ..          ..          88,165 

Critical  Current     ..          ..          ..          ..          ..  ..          ..          ..     260 

„       Speed        58,60,261,282,544,600,784 

Crompton,  R.  E,,  his  Armature  ..          ..          ..  17,  349,  355,  369,  485 

on  Compound- winding         ..  ..         ..         ..       61 

on  Stranding  of  Conductors  ..          ..         357,487 

Winding  of  Armatures         ..  ..          ••360,369,485 

uses  Alloy  for  Commutator  ..     375 

Crompton-Biirgin  Dynamo         ..         ..          ..  ..          ..         345 >  485 

„         Dynamo,  Field-magnets  of  ..          ..  ..          ..          ..197 

Crompton-Kapp  {see  Crompton). 

Crompton- Kyle  Winding..         ..          ..  ..          ..          ..     369 

Crompton-Swinburne  Drum  Armature . .          ..  ..          ..        367,487 

Cross-connecting  of  Armatiure-windings  317,  333,  500,  502,  540,  585 

Cross-induction  {see  Cross-magnetizing  Effect). 

Cross-magnetizing  Effect  of  Armatures.,          .•  ..  74, 78,  91,  401,  437 

„           „               „      Expedients  against  ..  79, 206  434, 441,  528 

Current,  Constant,  Distribution  with     ..         ..  56,  277,  448,  574i  753 
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Current,  Constant,  Arrangements  for    ..  ..  ..  448,  574,  753,  769 

„              „         Motors  supplied  with  ..  ..  ..  ..     605 

„             „         Economy  of ..         ..  ..  .•  ..  ••-   7SS 

„  Critical,  of  Machine     ..         ..  ..  ..  ..          ..261 

„  Diacritical,  of  Field-magnet   ..  ..  ..  ..         ..     166 

„  Alternations  of        '    ..           ..  ..  ..  ..         ..     618 

„  Continuity  of     ••         ..         ..  ..  ..  ..           38,214. 

„  Equations  of,  in  Series  Machines  ..  ..  ..     237 

„                  „            in  Shunt          „  *.  ..  ..  ..     238 

„  Rectified  or  Redressed           ..  ..  ..  ..           38,452 

„  Unit  of  (the  a;«/^r^)     ..         ..  ..  ..  ..         ..     812 

„  Density 399,422,681,764,818 

Currents,  Eddy      ..         ..  74,  95,  346,  353,  3^6,  461,  487,  498,  608,  702, 

704,  707,  727,  745 
„        Foucault's  {see  Eddy). 

„        Parasitical  {see  Eddy). 

Curves  of  Magnetization  ..          ..  ..  ..  ..          ..         132,140 

„      of  Torque  ..         ..         ..  ..  ..  ..         ..          ..     114. 

„      of  Potential  at  Collector  ..  ..  ..         67,70,72,256 

„      Characteristic      ..  ..  ..  230,  245,  266,  296,  299, 433,  577 

Cutting  of  Magnetic  Lines          ..  ..  ..  22,26,207,542,619,722 

Cuttriss's  Motor     ..         ..          ..  ..  ..  ..          ..          ..     616 

Cycles  of  Magnetization  ..          ..  ..  ..  ..         ..         160,730 

„     of  Alternation        ..         ..  ..  ..  ..          ..        6(9,639 
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Dal  Negro's  Magneto  Machine         

„  „        Motor 

Davenport's  Motor 
Davidson's  Motor  ., 
Davis,  on  Principle  of  Reversibility 
Dead  Points  in  Motors     .. 
„      Turns  ..  ..  ..  ..  ..  ..  ..  96,  226,  257 

Definition  of  Dynamo-machine  ..  ..         ..         ..         ..  ..  i 

Demagnetizing  Action  of  Armature,  89, 91, 92, 255, 285,  41 2,  416,  436,  585 

„  „       of  Eddy  Currents         89,225,588 

„  „       of  Secondary  Current . .  724 

„  „       Expedients  against 93,412,416 

Dc  Meritens's  Alternator  ..  ..  ..  ..  ..  ,.      642 

Density,  Permissible,  of  Current  in  Coil  399,  405,  425,  681,  746,  818 

„  „  of  Magnetic  Lines  in  Core    401,  402,  422,  651,  730 

Deprez,  Marcel,  Brake     •.         ..         ..  .,         ..         ..  ..     786 

„  „        Characteristic  Curves  20,  247,  254 

„  .,        Dynamo  ..  ..      198 

„  „        Experiments  on  Transmission  of  Power     ..  19,756 

„  „        on  Field-magnets        198,  231 

„  „        Law  of  Similars  nS 
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Deprez,  Marcel,  on  Self-Regulating  Combinations 

Motors  .. 

Transmission  by  Transformers 
„       on  Cost  of  the  Torque 
Depth,  Radial,  of  Core    .. 

„      Maximum  Permissible  of  Winding 
Derivation  (s^g  Shunt). 
Descending  Curves  of  Magnetization    .. 
Design  of  Dynamos 
ofAltemators 
of  Motors 
„      of  Transformers   ..         ..         ..         .. 

Desroziers's  Disk  Dynamo 
Developed  Winding  Diagrams  .. 
Diacritical  Point  (see  Saturation). 

Diamagnetic  Substances 

Diameter  of  Commutation 

Difference  of  Potential 

Constant 

„        Combinations  for 
Dip  of  Characteristic 
Discharge  of  Magnetism 
Discoidal  Ring  Armatures 
Discontinuity  of  Currents 
„  Magnetic  .. 

Diseases  of  Dynamos 
Disk  Armatures     .. 
Disk  Dynamo,  Edison's  .. 

Faraday's 
Pacinotti's 
Fritsche's . . 
„  „        Desroziers' 

Distortion  of  Magnetic  Field 

Dobrowolsky,  von  Dolivo,  on  Rotatory-field  Motor  .. 
Double  Magnetic  Circuit,  Advantages  of 

Calculation  of 
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..      42,  343,  355,  421 
..      38,214,222,474 

152,195,343 
88,375,379,474,802 
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16,337,  54S 

44,  339,  547 

45,339,546 

72,  73,  76,  79,  81,  94,  103,  586 

••  19,707,710 

195,441 
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Drag  on  Wires  carrying  Current 

Dreh-strom 

Driving,  Proper  Means  for 

Driving-horns 

Drooping  Characteristic  .. 

Drop-forgings  Used  for  Commutator 

Drum  Armatures  .. 

Drying  Armature  .. 
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DynamOi  Name  of  ..        is 

„        Definition  of ..  i 

„        Classification  of          ..         ..         ..  ..  ..  ..          i 

9,        Organs  of         ..  2 

„        Alternate-current  (sei  Alternators). 

„        Open-coil         ..         ..  ..     449 

„        Electroplating 9,  357,  362,  463,  536 

„        Non-polar        ..         ..         ..  ..     543 

„        Unipolar           ..         ..         ..          ..  .•  •.  ..      ^4.2 

„        Multiphase       ..         ..         ..         ..  ..  ..  ..     687 

Inductor           ..         .. .        ••         ..  ..  ..  ..     683 

Functionof  in  Arc  Lighting..         ••  ..  ..  ..     447 

„        Arc  Lighting    ..         ..         ..         ..  ..  ..  ..     447 

„        Diseases  of       ..         ..         ..         ..  ..  ..  ..     802 

,9        Far-leading       ..          ..          ..         ..  ..  ..  ..     750 

,j        Equalizing         ..          ..          ..          ..  ..  ..  ..     750 

,y        Management  of           ..         ..         ..  ..  ••  ..     800 

Dynamos  of  various  Inventors  :  — 

Alioth..          ..          ..          ..          ..          ..  ..  ..  331,  372 

^&ix&u   ••              ••              ■•              ••              ••              ••  •«  ••  ••          4^4 

Allen  (see  Kapp). 

''Alliance'' (Alternator)       ..           ..          ..  ..  ..            11,645 

Allgemeine  Co.  (**  A.  E.  G.*')          ..          ..  .,  ..    43,  533t  713 

Alsacian  Co.  ..          ..          ..          ..          ..  ••  ..  388,  433 

Alteneck  (see  Siemens). 

Atkinson        ■•  ..  •*  ••  ••  ••  ..      54^ 

Ayrton  and  Perry       ..          ..          ..  ..  ..  ..      54,5 

j5am    •■          ••           ••           •*           ■■           •*  •*  ••  *•      479 

Ball  (Uni- pole-piece,  Arc)     ..                       ..  ..  ..  ..      476 

Blakey,  Emmott  and  Co.       ..          ..           ..  ..  ..  ..      210 

„  „  „       (Alternator)  ..  ..  386,  661 

Bollmann        ..           >•          ••          •.           ••  ..  ..  ..      54^ 

Bradley           ..           ..           ..           ..           ..  ..  ..  ..      333 

Brown            ..                                  ••          «•  ..  ..  39^>  49^ 

(Unipolar)      ..           ..           ..           ..  ..  ..  ..      544 

(Electrometallurgy)    ..           ..           ..  ..  ..  491,  540 

(Three-phase)             ..           ..           ..  ..  ..  ..      6SS 

BrusD.              .<           «•           ..           ••           ••  «•  454*  S38 

Brush  Co.  (see  Mordey). 

Biirgin            ..           ..           ..           ..           ••  ..  ..  lOi,  305 

Cabella           ..          ..           <«           .•          ••  ••  ..  ..      2co 

Chamberlain  and  Hookham  . .           . .           . .  . .  . .  . .      346 

^laric  ••          •■           ■•          ••           ••           ••  ••  ••  ••      *9y 

Clark,  Muirhead  and  Co.       ..           ..          ..  ..  ..  ..      535 

v^iarKe             ..           ..           *•           «•           ••  ••  ••  *•          9 

Cooper  (see  Paterson). 
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Dynamos  of  various  Inventors — continued. 

Crompton       ..  .,  ..  ..  ..  349, 

Crompton-Burgin 
CroznptOQ-Kapp 
Crompton-Kyle 
Crompton-Swinbume 

Dal  Negro 

De  Meritens  (Alternator) 

Delafield  (Unipolar)  . . 

Deprer,  Marcel 

Uesroziers       ••  ••  ••  ••  ..  .. 

DobrowoUky  {see  Allgemelne  Co ). 
Dujardin  (Alternator  Inductor)         ..  - 

Edison  (Tuning  Fork) 

„      (Marine) 

,,      (Multipolar  Ring) 

„      (Drum  Armature) 

„      (Disk  Dynamo) 

„      (Municipal  Dynamo)  ..  .. 

£d  ison- H  opkinson 
Eickemeyer    .. 
Elmore  .. 

El phinstone- Vincent  .. 
Elwell-Parker 

,,  ,,      (Alternator)    .. 

Etiingshausen,  von     ..  .. 

Esson  {see  Faterson). 

Faraday  ..  ..  ••  .•  ..  .. 

Farmer  {see  Wallace- Farmer). 

jl  cin     ••  ••  ■•  ••  ••  ••  •• 

Ferranti  (Alternator) 

Ferraris,  E.  (Unipolar) 

3c irin  ••  ••  ••  ••  ••  ((^         •• 

Forbes  ..  ..  ..  ..  .. 

Foster  and  Anderson  {see  Clark,  Muirhead  and  Co.)* 
1l  nLSCfic  •■  ■•  ••  ••  ••  90 

Fuller-Gramme  ..  .. 

Ganz  {see  Zipernowsky). 

General  Electric  Traction  Co.  {see  Immisch). 

Goolden  and  Co*        •  •  .  •  . .  . . 

Gordon  (Alternator)  .. 

Gramme  •■  ••  ••  •• 

,,        (Alternator) 
Greenwood  and  Batley 
Giilcher  Co.    .. 

Hammerl        •.  .•  *•  ••  .. 

Hefner- Alteneck,  von 
Heisler  (Arc  Alternator) 


355» 

PAGB 

369.  485,  539 

■  • 

305,  485 

•  • 

..   487 

*  • 

•.   369 

•  m 

..   367 

•  ■ 

8 

•  • 

642 

•  ■ 

..   543 

•  • 

198,  4S2 

•  • 

45,  339,  546 

•  • 

II,  17 

>  • 

17.  513 

•  • 

205 

•  1 

..   51^ 

•  • 

364,  513 

•  • 

•.   339 

•  • 

..   477 

•  • 

423.  518 

•  • 

203,  371 

■  • 

.•   537 

•  • 

17,  172 

•  • 

532,  538 

•  • 

..   667 

•  • 

9 

I,  6,  542 

201,  510 
..      668 

..      543 
..      769 

200,  543 

322,  547 
43»  432 


357,  393,  525 
..      667 

15,  343,  481,  537 

. .      640 

..      530 

479 

16,  361,  545,  664 
•  •  •  •      686 
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Dynamos  of  various  Inventors- 

—continued. 

PACt 

Henley 

•  • 

•  • 

•• 

•  • 

11 

Hjorth 

•  • 

•  • 

• . 

•  • 

12 

Hochhausen   .. 

•  • 

•  • 

• « 

198, 

375,  48^ 

HolmeSi  F.     ••          •• 

« • 

•  • 

. « 

11,380,645,  652 

Holmes,  J.  H.,  and  Co. 

* . 

• « 

•• 

•  ■ 

352.  527 

Hopkinson  {see  Edison-Hopkinson). 

\ 

Hopkinson,  J.  and  £. 

«• 

•• 

. . 

•  • 

•  • 

495.  53S 

„                ,,         (Alternator) 

•  • 

. . 

•« 

•• 

..      662 

Hopkinson  and  Muirhead 

•  • 

•  • 

•  • 

•• 

•• 

..      545 

Houston  {see  Thomson- Houston). 

Immisch 

•  • 

• . 

» « 

•• 

■  • 

202,  532 

**Iron.clad"  .. 

•  ■ 

•  • 

• . 

• . 

•  a 

200,  500 

Jacob! 

•  • 

. . 

• . 

•• 

•  • 

9 

Jehl  and  Rupp 

•  ■ 

.  • 

« . 

• . 

•  • 

45.  546 

Joel     .. 

«  • 

• . 

• . 

. . 

•  • 

»97,  343 

Johnson  and  Phillips  {see  Kapp). 

Jiirgensen 

•  • 

. . 

■  • 

•  • 

..      198 

Kapp   ••         ••          •• 

•  • 

. . 

•  • 

2O0, 

384.  4S7 

„     (Alternator)     .. 

.  • 

•  • 

•  • 

•  ■ 

654 

Kennedy         •• 

• . 

•  • 

•  • 

200,  202, 

506,  5JO 

„        (Alternator) 

•  • 

•  • 

•  • 

642,  645,  6S6 

Kingdon  (Inductor)   . . 

•  • 

•• 

•• 

•• 

..      684 

Ladd  ••           ••           •• 

• . 

•  • 

• . 

•• 

14,  54 

Lahmeyer 

.  • 

• . 

. . 

185, 

200,  529 

Laurence,  Paris  and  Scott 

.  • 

•  • 

•  • 

•• 

326,  52S 

**  Leeds  "  {see  Greenwood). 

Lontin 

•  • 

•  • 

•  • 

..    16, 

200,  644 

Lorenz  {see  Jurgensen). 

* 

McTighe 

« • 

•  • 

• . 

•• 

202,  405 

Main  (Alternator) 

.  * 

•  • 

• . 

•  • 

..      6S2 

Maldercn,  van 

. . 

•• 

•  • 

•  • 

II 

"Manchester"  {see},  and  E 

.  Hopkinson). 

Mather  and  Hopkinson 

« • 

• . 

• . 

•• 

201,  495 

Mordey 

•  • 

•  • 

•  • 

•• 

••      497 

„       (Alternator)  .. 

•• 

•• 

• « 

•  • 

642,  676 

„       (Inductor) 

•• 

•  • 

•  ■ 

•  ■ 

..      6S3 

Muirhead  [see  Clark). 
Muirhead  and  Hopkinson  [see  Hopkinson). 
Muller  ..  ••  •• 

Mountain  [see  Ernest  Scott  and  Co.). 

Newton  ••  ..  ..  •• 

Niaudet  ..  .•  >•  •• 

Nollet  ..  .•  ••  •• 

Pacinotti 

„        (Disk) 


760 


479.  532 

»o».  545 
",645 

14.  34^> 
33S,  545 
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Dynamos  of  various  Inventors — continued, 

X  age      ••  ••  •«  ••  0^ 

Paris  and  Scott  {see  Laurence). 
Parsons  (Alternator)  .. 
Paterson  and  Cooper . . 

»>  ly       (A.rc)    .. 

„  „       (Alternator)     .. 

Perry  {see  Ayrton  and  Perry). 
**  Phoenix"  {see  Paterson  and  Cooper). 

'^lAll      •*  «■  ..  .(  .. 

Pliicker  (Unipolar)    .. 
Polechko  (Wheel) 

Raffard-Gramme        

Ravenshaw  {see  Goolden). 

Ritchie 

Robin . .  . .  . .  . . 

Ruhmkorff     .. 
Rupp  (jsee  Jehl). 

Sautter-Lemonnier     .. 

oawyer  ••  ••  ■•  •• 

Sasfton  .. 

Sayers  .. 

,,      (Electroplating) 
Schorch  ..  ..  ..  .. 

Schuckert       ..       ... 

Schuckert-Mordey 
Schuyler  (Arc) 
Scott  {see  Paris). 
Scott»  Ernest,  and  Co. 
Siemens  (shuttle) 

,,        (drum) 

„        (alternator)  .. 

„        (ring) 
Sinsteden        ..  .*  ..  .. 

Snell  {see  Immisch). 

Sperry  (Arc)  . . 

Stafford  and  Eaves  (Electroplating)  .. 

Stanley  (Alternators) 

Statter  (Arc)  .. 

Stohrer  ..  ..  ..  .. 

Sturgeon 

ovran  ••  •■  *•  ••  •• 

Swinburne      ••  ..  ..  .. 

"Taunton"  (see  Newton). 

Tesla  (Alternators)    .. 

Thomson,  Elihu  {see  Thomson- Houston). 

Thomson-Houston 

(Arc) 
(Incandescent)    .. 


PAGE 

II 


•• 


99 

99 


..  676 

348,  492,  538 

•.      477 
..      662 


8 
..  542 
..  547 
352i  482 

8 

..      546 

54 

482 
II,  200 

9»  544 
..      546 

•.     539 
202 

..      523 

204,497 

..      478 

528,  537,  642 

33 

361,  506 

664 

..      510 

61 

..      475 

••      538 

6439  657.  686 

202,  478 

..      544 

..       33 
61 

304,  347 

..      637 

•.      534 
464 

•.      473 
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Dynamos  of  various  Inventors — continued, 
Thomson-Houston  (AltematorJ 

»y  »,         (Inductor) 

Thomson,  Sir  William  (Wheel-dynamo) 

If  „  (Alternator)  .. 

Thury.. 

Trotter  {see  Goolden). 
"Tyne"  (j<r<r  Scott,  E.,  and  Co.). 

Van  de  Poele . . 

Van  Malderen  (Alternator)  .. 

Varley,  O.  and  F. 

Varley,  S.  Alfred 

**  Victoria  "  {see  Schuckeri-Mordey). 

Vincent  {see  Elphinstone). 

Voice  (Unipolar) 

Wallace -Farmer 

Waterhouse    .. 

Watkins 

Wenstrom 

Westinghouse  {see  Stanley). 

Weston 

Wheatstone    •• 

Wilde.. 

Winkler 

Wodica 

Wood's  (Arc-light)    .. 

Woolrich 

Zipemowsky  (Alternator) 

Dynamometer 

D>  namometric  Governing 

Dyne  (unit  of  force) 


",  501 


■  • 


PACE 

•  • 

659 

«  • 

6b6 

479. 

545 

17, 

6»9. 

66S 

201, 

Zl^^ 

535 

m  • 

19S 

•  • 

11 

13 

>»  54 

I3i  61, 

542 

543 

101.  545 

774 

..  .•  <> 

200,  347.  535 

348,  355.  537 

9.  ".  J3 
54,  201,  203,  537,  646 

55 
•  •  ••      3'/ 

..      476 
9»  536 

201,  644,  662 

785>  7S7 
..  595 
••     Sio 


Ebonite  (see  Insulating  Materials). 

Economic  Coefficient        ..          ..         ..         ..         ..  ..         117,  232 

Economy  of  Transmission          ..         ..         ..         ..  ..         758,764 

„        Law  of  Maximum        ..         ..         ..         ..  559>  5^8,  764 

Eddy  Currents       ..         ..      74,  89,  95,  346,  357,  366,  461,  ^fij,  498,  60S, 

681,  696,  702,  704,  707,  739,  7Vt  745 

„            „        Demagnetizuig  Action  of        ..         ..  89,225,588 

„           „        Heating  due  to 357,461,644,727 

Ldison's  Dynamos            ..         ..          ..          ..         ..  ..           17, 5^3 

„  „        Armature  of.,     f 43,319,3^4 

Brushes  of ..  ..        380,384 

Field-magnets  of 195,197,5^3 

..            •*            ••            *■  «■            •*      4/  / 


„ 


,1 


,» 


Municipal  Dynamo 
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Edison's  Disk  Dynamo    ..         339>  545 

„      Tuning-fork  Dynamo ..  I7>  5^3 

„      Claim  for  Compound- winding  ..  ..       61 

„      Regulator  ..         ..         ..         ..         ..         ..  279 

Edison  General  Co.'s  Marine  Dynamo  ..  ..  ..  ..     205 

»,  ,,  „      Multipolar  Dynamo       ..  ..  ..  ..     517 

„     -Hopkinson  Dynamo      ..         ..  ..  4131423,518 

9)  „  „         Design  of  ..  .;  ..         182,413 

9)  y,  „        lestson..         ..  ..         ..         ••     244 

yy  „  „        Leakage  of        ..  ..  ..  ..     184 

,}  „  „        Calculation  of    ..  ..  ..        189, 412 

Efficiency  of  Dynamo,  gross  and  nett  ..         ..        1 16,  232,  243,  406,  681 

„         „  Transmission  of  Power     ..         ..         .,         ..        758,764 

„         „  „  „  Maximum         ..  ..         559, 764 

„         „  Motors  ..  ..  ..  ..  ..  ..  ..     556 

„         „  Transformers  ..         ..         ..         ..         ..         ..     739 

.,         „  Motor-dynamos      ..         ..         ..  ..         ..     749 

„         „  reduced  by  Eddy-currents  ..  ..  116, 357, 681 

„         „  Calculations  of       ..  ..117,  405,  415,  526,  529,  758,  764 

Eickemeyer,  R.,  Dynamo  201,  202,  203,  371 

Electromagnetic  Engines  {see  Motors). 

„  Rules     ..         ..         ..         ..         ..         ..         124, 409 

Electromagnets,  Formulae  for     ..         ..         ..  ..165 

„  First  used         .;         ..         ..         ..         ..  7,10 

„  Construction  of  ..         ..         ..  195, 205, 454 

„  Cores  of..         ..         ..         ..         ..         ..         ..     403 

„  Forms  of  ..         ,.         ..         ..  ..     195 

„  Rules  for  Winding      ..         410,423 

})  Internal..         ..         ..         ..         ..  ..         ..     510 

„  Heating  of        157,423 

„  Ventilation  of   ..         ..         ..         ..         ..         ..     507 

,,  Curve  of  Saturation  of  ..         ..         ..         ..     151 

„  Polarity  of        ,.         ..  ..  ..  ..  ..     123 

Electro-metallurgy  463, 536,  543 

Electromotive-force  of  Dynamo  ..         ..         ..         ..  22,210 

„  n      and  Difference  of  Potential        ..  68,  229,  277 

„  „      Average     ..         ..         ..         ..         ..         210, 631 

„  „      Fluctuations  of     ..         ..         ..         ..         ..     218 

„  „      Unit  of  (one  v<7//) ..         ..         ..         ..         ,,814 

Electromotors  {^see  Motors). 

Electro-plating,  Dynamos  for 9,  357,  362,  363,  463,  536 

„         „        Machines  unfit  for       ..         ..  ..  ..  -        5I9  537 

Elementary  Theory  207,618 

Elmore's  Dynamos  537 

Elphinstone,  Lord,  and  Vincent,  C.  W,  ..         ..         ..  17,  172 

Elwell-Parker's  Dynamos  .• 197, 201,  532 
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Elwell-Parker*s  Alternators 

99         ,»        Motor-dynamos.. 

Emission  of  Heat  from  Surface  .. 

End-play,  when  desirable 
„  •  „        y,      undesirable 

Energy,  Electric 

„       Expended 


it 


Utilized 
M       Transmission  of .. 
Engines,  Kerchove's 

y,        ivuhn  s«*         ••  .■  •• 

>„        Willans's  •• 

^        Ferranti's 

„        Parsons's  (Steam  Turbine)     .. 
Equalizing  Dynamo 
Equations  of  Dynamo 

„        Frolich's  .. 
„        RUcker's  .. 
of  Electromagnets     .. 
of  Motors        ..         ..  •• 

Esson,  W.  B.  (see  also  Paterson  and  Cooper), 
on  Capacity  of  Dynamos 
on  Dynamos  at  Frankfort 
on  Multipolar  Dynamos., 
on  Design  of  Dynamos   .. 
on  Separately-excited  Machines 
on  Self-regulating  Machines 
on  Binding  Wires 
on  Arc-lighting  Dynamos 
on  Peripheral  Speed 
on  Wires  for  Winding     .. 
on  Permissible  Heating  .. 
on  Cooling  Surface  needed 
on  Load  Curves   .. 
on  Armature  Interference 
Ettingshausen's  Machine 
Evershed,  Sydney,  on  Transformers     .. 
Ewing,  James  A.,  Magnetic  Researches 

„   on  Hysteresis.. 
„    on  Effect  of  Joints    .. 
„    on  Effect  of  Compression 
„    on  Magnetic  Creeping 
„  „      „    Theory  of  Magnetism 

Excitation,  the  {see  Ampere-turns). 

of  Field-magnets,  Methods  of 
Electromagnet,  Law  of 


a 

» 


» 

» 
99 

» 


•  • 

PACB 

667 

•  ■ 

749 

«  • 

426 

•  • 

391 

39i»  393 

,680 

■  • 

I 

104. 558. 566 

558, 566 

•  • 

753 

•  « 

510 

•  • 

512 

525, 

,668 

•  • 

676 

•  • 

676 

•  • 

7SO 

47, 

>  2IO 

•  • 

237 

a  « 

237 

.  • 

165 

561, 

S75 

1321 


19 

99 


9) 
99 


120,654 

.*  ••  •■  ^la. 

•  •  .  •  .  •         ij^  3 
21,  76,  427,  436,  654 

231,653 

299 

355 

• .  .  *      477 

* .  a  *  42 1 

422 
. .  * .  . .      427 

•  •  .  •  a  a  42Q 

••                        ••  435 

436,  653 

•  a                          9  •                           a  .  Q 
..                           aa                           ••  73^ 

1359      148,     150,     156,      J  61 
160 


99 
99 


a.  IS3 

>559  156 
88,  165 

a.      16S 

••       49 
165,  177 
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Exciter,  Separate,  use  of  Machine  as 
External  Characteristic    .. 
Extra-current 


PAGB 

50,  231,  6S9,  662,  680,  689 

253,  261 
..         ••         ••       84 


P. 

Failure  of  Magnetism  .. 
Fan,  for  Ventilation 
Far-leading  Dynamo 
Faraday's  Invention  of  the  Dynamo 
Principle  of  Induction 
Disk  Machine  .. 
Rotating  Magnet 

Discovery  of  Electromagnetic  Rotation 
Notion  of  Magnetic  Lines     .. 
Transformer      ..         .. 
Farmer,  Moses  G.,  on  Self-excitation  .. 
Favre,  on  Theory  of  Motors 
Feathers  {^see  Keys). 
Fein's  Dynamos     ..  ••         •• 

Ferranti's  Alternator 

„        Transformer     ..         ..         •• 
Ferraris,  E.,  Unipolar  Dynamo  .. 
Ferraris,  Galileo,  on  Efficiency  of  Transformers 

„  „        Rotatory  Field  Motors 

Field,  Distortion  of 
Field,  Magnetic     .. 

Measurement  of.% 
Waste  of.. 
Drag  of    .. 
„        Rotatory  .. 
Field-magnets,  Construction  of  .. 

„        Design  of  .,         ..  205, 402, 

Coils  for  .. 
Forms  of.. 
Formulae  for 
Function  of 
Heating  of 
Joints  in  .. 

Methods  of  Excitation  ..  49, 

Proper  Resistance  of    .. 

Winding  of         

Advantage  of  Powerful ..      48,  87, 


» 
>» 

IT 


?> 


»> 


>> 


}7 


» 


» 


Most  Powerful  in  Motors 
for  Arc-lighting  Dynamos 


49I: 


Field  Rotatory 


259,  263,  265 
»•    ••    ••  354 

•  *       •  •       •  • 

6,  542 

a  .           .  •           •  •  O 

..           ••           ..  10 

27,  171 

•  .  719 

..     ..     ..    ^3 

.  .  •  .  a •        ZO 

.  •  .  •  •  •      20 1 

17,  203,  647,  649,  668 

721,737 

..  543 

..  .a  ..      74^ 

19, 703 
79,94,436,586 

..  24,  105,  122 
..  9^,  180,  182 

3»  106,  355,  554 

7^3 
195,  454 

407,421,430,431,432 

425,  664 

.•I95i43i,432 

165,177,409 

■ .  ••  ..2,  35 

157,423,427 
152,  195 

280,  602,  604,  659,  747 

237,  243 

294,  410,  425,  43o»  43S 
103,  561,  576,  588,  592, 

608,  616 

588,  616,  755,  759,  766 

•  •  . .  •  •     4/  ^ 
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PACK 
24,   25,    26,     107 

•  •  ••  «a  ••  X  \J.^ 

•  •  88,  4747  S07 
42,342,497,  523,  642 

•  •  •■  ••  ••       3^^  * 

•  •  •«  ••  ••       ^^^^k 

..      ..      ..      22, 104 


Figures,  Magnetic. 
Finzi,  on  Hysteresis 
Flashing- over  at  Commutator 
Flat-ring  Armatures     ... 

„  „  Advantages  of 

Flats  in  the  Commutator.. 
Fleming,  J.  A.,  his  Rule  for  Induction 

„          „      on  Magnetic  Reluctivity  ..         ..         ..         ..      169 

„          „      on  Alteijiate-current  Transformers    ..  ..     739 

Fluctations  of  Current 38,  213,  222,  474,  618 

„            „              Measurement  of.i  ..         ..          ..      222 

Flux,  Magnetic      ..          ..          ..          ..  ..          ..      47,176,400,406 

Fontaine,  H.          ..          ..          ..  ..          ..           19,  757 

Foot-steps  of  Zinc . .          ..          ..  184,415,515 

Forbes,  Georges,  his  Dynamos  ..         ..  ..         200,543 

„             „        on  Waste  Magnetic  Field  ..         175,187 

„             „        on  Heating  of  Field-magnets  . .     426 

Forms  of  Electromagnets            ..          ..  ..                                ••I9S 

Formulae  for  Electromagnets      ..         .*  ..     165 

Foster  and  Andersen's  Dynamo            ..  ..         ..         ..         ..     535 

Foucault  Currents  {see  Eddy  Currents). 

Foundation-ring  of  Armature      ..  343,  461,  523,  651,  666,  676 

Fracture  of  Connexions    ..         ..         ..  ..         ..         ..         ..     804 

Frankfort,  Experiments  at           ..          ..  ..          ..          ..        7^6,794 

Frequency  of  Alternation..         ..         ..  ..         ..         ..         659,680 

Friction,  of  Bearings        ••          ..          ..  ..          ..          ..         116,393 

1}                     01    ./\U              ••                       .•                      .•                      *•*  ••                       *«                      ••                       a*             IIO 

„         Magnetic  {see  Hysteresis). 

Fringe  of  Magnetic  Field           ..         ..  ..         86,189,414,437,441 

Fritsche,  his  Disk  Armature       ..         ..  ..          ..          ..          44^  547 

„         Theory  of  Winding      ..          ..  2T,  302,  308,  311,  332,  547 

Frolich,  Dr.  0 20,  96,  114,  118,  237,  249,  292,  584,  604 

„            „     Formula  for  Electromagnet  ..          ••          ..         166,  237 

Froment's  Motors  ..         ..         ..          ..  ..          ..          ..           18,  551 

Fuller- Gramme  Dynamo             ..          ..  ..          ..          ..          ..       43 

Fundamental  Points  in  Design   ..          ..  ..                     ..  46,398,608 

„               ,,     in  Motors    ..         ..  ..         ..         ..         554,  759 

G. 

Gaisberg,  von,  on  Armature  Distortion  ..         ..         ..          ..       73 

Ganz  {see  Zipernowsky). 

Gap  in  Magnetic  Circuit  ..          ..          ..  ..          ..            149,  152, 433 

Gap-space 63,178,189,410,433,438,444 

„      „     Drag  in..          ..          ..          ..  ..          ••         ..         106,  554 

Gaugain,  J.  M.,  on  Curves  of  Induction  ..          ..          ..          ..  4,  68 

Gauge  of  Wire,  Choice  of 356,  399,  422,  425,  817 


n 

JJ 

„            „        Calculation  of 

9> 

J9 

„            „        Tests  of 

99 

» 

„    Regulators 

Index.  84 1 

P«GK 

Gauss's- Principle ..  ..         ..         ..     550 

Gauze,  for  Brushes            ..          ..          ..          ..  .,          ..          ..     380 

General  Electric  Traction  Company  {see  Immisch). 

Generator,  the  Dynamo  as          ..          ..          ..  ..          ..          ..         i 

German-silver,  used  to  reduce  eddy-currents  ..  ..          ..          ..681 

Goolden,  W.  T.  &  Co.,  Dynamos           ..           357)  381,  384,  393,  525,  654 

..  ••  ••       loo 

526,  794 
769 

Gordon's  Alternator          ..                     ..  ..          ..           17,667 

Governing  Dynamos         ..         ..         ..  ••  50, 278, 447 

„         Motors ..         ..         ..  .<.                    ..     593 

„         by  Steam  Pressure     ..          ..          ..  448,781 

Governors,  Automatic,  Brush's  ..  ..454 

Dynamometric  ..          ..  ..          ..     780 

Edison's..         ..         ..  ..                    ..     279 

Henrion's          ..          ..  ..      •   ..          ..     Tj(> 
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n  n        Characteristic  of    . . 

Magnets  {see  Field  Magnets). 
Malderen,  Van,  his  Machines     .. 
Management  of  Dynamos 
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Ferraris          ••          ..          ••  ..  ..  ..  7^3*  7'5 
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Perry  {see  Ayrton  and  Perry). 
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Trouvi            ..           ..          ..  ..  ..  ..  .  ..  551,616,702 
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Principles,  Fundamental,  of  Dynamo     ..  ..  ..  ..  1,22,212 
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Racking  of  Armature  Conductors           ..  113,379,638,806 

„       „  Connecting  Pieces     ..          ..  ..  ..  .  379,804 

Radian  (Unit  of  Angle)     ...          ..          ..  ..  ..  ..  ..      109 
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Rayleigh,  Lord,  on  Electric  Testing      ..  ..  783,790 
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